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Abstract 
Nitrogen metabolism is too significant to be solely an isolated biochemical 
pathway in higher plants. Previous researches explicitly demonstrated that N 
metabolism does interact with other metabolic pathways and developmental processes. 
We believe that N metabolites play a regulatory role in coordinating these interactions 
through a nitrogen sensing system. This idea is supported by the previous discoveries 
of gene encoding the putative nitrogen sensor PII protein and a small gene family 
encoding glutamate-receptor like proteins in higher plants. The aim of this work is to 
prepare a platform for elucidating nitrogen signalling events in higher plants by using 
Arabidopsis thaliana as a research model. 
Signalling events are just like a black box. One way to investigate its inside 
content is to manipulate the input signal and then observe the consequential changes 
at its output events. In this work, A. thaliana 35S-ASN1 lines (362-D2-d6 and 
362-4E-21) were chosen as the molecular tools to alter the in vivo N signal. Previous 
characterization of these lines found significant changes of their amino acid contents 
in different tissues and enhanced total N in seed, the ultimate organ, compared to 
control lines (Col-0 and 359-2C-8). Current examination of the effect of 
overexpression of ASNl on growth aspects suggests that such N status change leads 
to a better growth and a modulation of sugar level in seedlings grown at particular C 
and N regimes. 
To investigate the change in the output events due to the alternation of in vivo N 
• signal, candidates with differential gene expression between 35S-ASN1 lines and 
control lines have been surveyed through subtractive hybridisation and pre-selected 
/ V 
iii 
target genes investigation. 25 candidates of differentially expressed genes were found 
in the preliminary screening using reverse dot-blot hybridization for these candidates. 
Besides gene expression, biochemical difference is also observed: there was less 
sugar-induced anthocyanin accumulation in 35S-ASN1 lines compared to control 
lines when seedlings were grown at 0.5mM gin as the only N source. These output 
events can be used as markers of nitrogen signaling event, which are essential 
components for epistatic studies and mutant screening. 
thaliana transgenic plants overexpressing functional (PII24-1T4 and 
PII1-13T3) and truncated (TPII3-6T2 and TPII6-9T2) forms ofPII are regarded as the 
molecular tools having N signal transduction interrupted. To elucidate the relationship 
between in vivo N signal change related to ASNl overexpression and PII, epistatic 
analysis, in which genetic architecture is figured out by correlating the phenotyping 
data with genealogical information, can be employed. To generate genealogical 
information needed in such analysis, crosses between one of 35S-ASN1 lines and 
transgenic PII lines were performed. One homozygous crossing progeny was 
screened for ASNl and GLBl transgenes and another was screened for ASNl and 
truncated GLBl transgenes. 
Attempts to search signalling component candidates other than PII were made. 
Based on the results of homolog search of microbial signalling components, we 
suggest the existence of an amino acid sensing system in A. thaliana composed of 

















dot-blot hybridization)作初步測試’找出了 25個差異表達的基因。在生物化學的層面上， 
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• Literature review ‘ 
1. Literature review 
1.1 General introduction of nitrogen metabolism in plants 
Dogma of nitrogen assimilation in plants appears to be simple and 
straightforward: nitrate uptake, nitrate reduction and nitrite reduction, GS/GOGAT 
cycle and transamination. However, this view is incomplete. Nitrogen metabolism is a 
neither linear nor housekeeping process but a complex and dynamic network that 
includes primary and secondary nitrogen assimilation, transport, storage and reserve 
remobilization, and links tightly to energy balance, carbon metabolism, nucleic acid 
and protein synthesis, secondary metabolism, photorespiration and sink-source 
transition in plant development (Lea and Ireland 1999; Corruzi and Last 2000; Stitt et 
al 2002). ' 
Its complexity can be reflected by the regulation acting on the first key enzyme 
of nitrogen metabolism, nitrate reductase (NR). NR gene was regulated by, in addition 
to its own substrate nitrate, an array of internal and external signals consisting of 
phytohormones, circadian rhythm, plastic factors, light, and nitrogen and carbon 
metabolites (Crawford and Arst Jr. 1993; Crawford 1995). 
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1.2 Interactions between nitrogen metabolism and other metabolic 
and developmental pathways in plants 
Previous researches explicitly demonstrated that N metabolism is not an isolated 
biochemical pathway. It does interact with other metabolic pathways and 
developmental pathways, including carbon metabolism, senescence, cell division and 
flowering. 
1.2.1 Carbon metabolism 
Carbon and nitrogen metabolisms are two dependent processes. Carbon 
metabolism provides carbon skeletons, counter-anion for preventing alkalinization 
and reducing equivalents to nitrogen metabolism (Stitt et al 2002) while nitrogen is 
the indispensable component for building photosynthetic apparatus and synthesizing 
enzymes of photosynthetic and respiratory pathways (Paul and Foyer 2001). Rubisco 
demobilization is a well-iilustrative example for showing their close relationship. 
Rubisfo is the key enzyme in photosynthesis while its high accumulation level in 
chloroplast represents a large N investment. Remobilization of Rubisco only occurs 
when there is both low N and high sugar content (Paul and Foyer 2001). Probably, the 
signals from C metabolism and N metabolism have been integrated and coordinated in 
this way so that the plant cell will not loss the photosynthetic ability when C source is 
limiting, even there is a need for N remobilization. 
1.2.2 Development 
The life cycle of higher plant begins with a single-celled zygote followed by 
2 
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coordinated cell division, cell enlargement and cell differentiation (Meijer and Murray 
2002). Towards the end of the cycle of an annual plant, a whole plant senescence 
occurs in which the vegetative tissue remobilizes its nutrient to the reproductive tissue 
(Gan and Amasino 1997). Nitrogen, which is a pivotal macronutrient, may play a 
regulatory role in these developmental processes. 
It was reported that nitrogen deprivation at early leaf development caused a 
reduction of cell number and cell size, resulting in smaller leaves in Ricinus communis 
L. (castor bean) (Roggatz et al. 1999). Together with the previous finding"that there is 
an increase in N: C ratio in microalgae during exponential growth and the highest N 
concentration is within the zone of meristem in monocotyledonous leaf blades, N 
status in plants is believed to regulate the cell division process (Roggatz et al. 1999). 
Nitrogen remobilization is an indispensable part of senescence (Gan and 
Amasino 1997). During senescence, aspargine synthetase (Eason et al. 2000; Fujiki et 
al 2001) and cytosolic glutamine synthetase (GS) (Vincent et al. 1997) were found to 
be induced for re-assimilating N molecules from the degraded protein. 
Overexpression of soybean cytosolic GS enzyme in Lotus corniculatus L. (common 
Bird's-foot-trefoil) plants resulted in early senescence (Vincent et al 1997)， 
supporting the notion that N remobilization and senescence are two inter-regulated 
processes. 
1.2.3 Flowering 
Transition from vegetative phase to reproductive phase is a critical but yet flexible 
process. Shoot apical meristem (SAM) will produce leaves and stems, but not flowers, 
3 
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until the arrival of "florigen", the long distance signals for flowering. The florigen is 
believed to be generated from leaves, where the external and internal stimuli are 
integrated, and then travel through vascular tissue to the SAM (Colasanti and 
Sundaresan 2000). Therefore, dissecting the phloem contents will be one of the ways 
to investigate the identity of the florigen. One of such experiments has suggested the 
promoting roles of gin and asn in flowering transition, based the increase of these 
amino acids under flowering inductive conditions (long day and/or displayed short 
day) before or coherent with the transport of the slowest component of ‘florigen，in 
leaf exudates of Sinapis alba and Arabidopsis thaliana (Corbesier et al. 2001). 
However, the effect of N molecules on flowering was complicated by the inhibitory 
role of nitrogen nutrient (Corbesier et al. 2001; Corbesier et al. 2002) and the 
inductive role of increased C: N ratio (calculated by equivalent C atoms of 
carbohydrates per equivalent N atoms of amino acid) in phloem excaudate (Corbesier 
et al. 2002) during flowering. 
4 
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1.3 Metabolic signalling in plants 
Carbon and nitrogen are two fundamental elements in plants which depend 
substantially on external environment input (mainly light and inorganic N) and 
involve largely in different sink-source relationships. Within cells, they are competing 
on the same pools of resources and are the major sinks of photosynthesis (Noctor and 
Foyer 2000; Paul and Foyer 2001). They are both transported from the source tissue 
to sink tissue for development and maintenance. To optimize the use of energy and 
mineral resources, metabolism and transport of N and C should be coordinated with 
their levels in the cellular and whole plant context, and environmental and 
developmental signals. Recent researches support the scenario that C and N (Coruzzi 
and Zhao 2001), besides being metabolites, are signals sensed for coordinating 
different metabolisms,,and growth and developmental events in plants. 
1.3.1 Nitrogen signalling in plants 
1.3.1.1 Inorganic N signalling 
Like in fungi and algae, nitrate induces expression of genes related to its 
transport and assimilation in higher plants (Crawford 1995). Recent research using 
microarray analysis has further demonstrated the global regulatory role of nitrate by 
showing the nitrate inducibility for genes related to stress response, water transport, 
transcription activity and phosphate and potassium transporters in tomato roots (Wang 
et al 2001). 
The impact of nitrate signalling on development is best illustrated by its effect 
5 
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Oil shoot-root allocation, where nitrate mediates a systemic response through 
interacting with phytohormones, which act as long-distance signals for the 
communication along shoot-root axis. The high shoot NO3" feedback regulation on 
root development has proposed to be mediated by its inhibitory effect on biosynthesis 
or transport of auxin (a positive regulator of lateral root growth) to root while 
replenished NO3' in N starved root might stimulate the leaf expansion by increasing 
the cytokinin (a stimulator of cell division) biosynthesis (Forde 2002). 
Studies on the tobacco transgenic lines which the nitrate reduction is limited give 
strong evidence for the direct signalling role of NO3" on gene expression (Scheible et 
al. 1997). In this transgenic lines, externally supply of nitrate resulted in high in vivo 
nitrate accumulation while the amount of downstream N metabolites remained 
unchanged. Under such condition, there were increased levels of transcripts of 
nitrogen assimilatory genes and organic acid metabolism genes but a decrease of the 
ADP-glucose pyrophosphorylase transcript and activity. It has been postulated that 
nitrate acts as a signal to coordinate in carbon and nitrogen metabolism (Scheible et al. 
1997). 
1.3.1.2 Organic N signaiiing 
Discoveries of Arabidopsis thaliana homologs of animal glutamate receptors 
genes and plant Pll-like proteins suggest the amino acid sensing may occur in plant, 
like those in animals and microbial organisms. A. thaliana GLRl and GLR2 encode 
proteins similar to animal iGluRs (ionotropic glutamate receptors) at the levels of both 
primary and secondary structures and were proposed to involve in light transduction 
(Lam et al. 1998). By the genealogical analysis, these plant glutamate receptors were 
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proposed to evolve from a primitive signalling mechanism that existed before the 
divergence of animals and plants (Chiu et al 1999). PII is a well-known N regulator 
in enteric bacteria and it regulates glutamate synthetase in response to nitrogen 
availability. Based on the conservation in overall amino acid sequence and signature 
domains between E. coli PII and plant PII, and in planta bioassay of A. thaliana PII, 
plant PII has been proposed to be a putative nitrogen sensor (Hsieh et al 1998). 
Signalling role of amino acids can be also supported by the nitrogen regulatory 
system in plants, in which amino acids exhibit the regulatory function on mRNA 
levels for genes related to primary nitrogen assimilation (Table 1). 
Table 1. Nitrogen regulatory system in plants. 
Gene under 
metabolic ‘ Amino Acid Effect References 
regulation 
ASNl in A. asn, gin, glu Antagonize sue (Lam et al 1994) 
thaliana repression  
ASN2 in A. asn, gin, glu Antagonize sue (Lam et al. 1998) 
thaliana induction  
GSl , GS2 asn, gin, glu, asp Antagonize sue (Oliveira and 
mRNA in A induction Corruzi 1999) 
thaliana  
NR, NiR mRNA asn, gin Antagonize sue and (Sivasankar et al. 
in maize nitrate induction 1997) 
1.3.2 Carbon signalling 
1.3.2.1 Signalling pathways 
Comparing with nitrogen signalling, studies on sugar signalling arc more 
comprehensive and extensive, resulting in a clearer picture. By the nature of the sugar 
signals, sugar signalling ‘ events could be classified into 3 distinct pathways: 
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hexokinase independent, hexokinase dependent and glycolysis dependent (Sheen et al 
1999). Table 2 summarized the possible signals, sensors and signalling transductors/ 
effectors based on the review given by Rolland et al. (Rolland et al. 2002). 
Table 2: Possible signals, sensors and signalling transducers/ effectors in sugar 
signalling  
Type of molecules Proposed members  
Signal hexose, sucrose, trehalose, disaccharide 
Sensor hexokinase, fructokinase, sugar transporters, specific 
sugar receptors, metabolite sensors 
Signalling transducer/ protein kinases and phosphatases, SNFl, SnRK, • 
effector 14-3-3 proteins, Ca^^  
1.3.2.2 Gene expression regulated by sugar 
A wide ranged of genes are regulated by sugar at the transcriptional level, 
including genes related to photosynthesis, carbon and nitrogen metabolism, stress 
responses, and secondary metabolism (Rolland et al. 2002). 
Koch (Koch 1996) classified genes, which niRNA levels are regulated by sugar, 
into two main groups: "famine" genes are those enhanced by sugar depletion and 
"feast" genes are induced by sugar abundance. "Famine" genes involve those related 
to photosynthesis and remobilization while "feast" genes generally work for 
biosynthesis of starch and storage proteins, and defence. As a result, sugar deletion 
will increase source activity and sugar abundance will enhance sink activity. Using 
rice cell culture as a model system to investigate the gene expression regulated by 
sugar, it was found that sugar up-regulates growth-related genes and down-regulates 
stress-related genes in a coordinate manner (Ho et al. 2001). 
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1.3.2.3 Role of sugar signalling in growth and development 
Sugar signalling exerts great impact on growth and development in plants. 
Overexpression of hexokinase in tomato resulted in photosynthesis and growth 
inhibition and accelerated senescence (Dai et al 1999). Mannose is the glucose 
analog and substrate of hexokinase but its phosphorylated form is metabolized slowly. 
Exogenous application of mannose inhibited the germination of A. thaliana seed, 
possibly by interfering the reserve mobilization (Pego et al. 1999). Sucrose broke the . 
skotomorphogenesis and induced flowering in A. thaliana grown in dark (Roldan et al. 
1999). 
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1.4 Ways to elucidate a new signal transduction pathway 
So far, nitrogen signalling in plant is a barely explored topic. There is only 
fragmented information and lacking of any concrete model. The experience in 
studying C metabolic signalling can be therefore used as a paradigm to guide the 
journey of exploring nitrogen signalling. Analyzing the methodologies used in C 
signalling and selectively feeding some of these successful approaches into N 
signalling will help us to disclose the black box of nitrogen signalling in plants. 
1.4.1 Carbon signalling as a paradigm to provide hints for exploring nitrogen 
signalling in plants 
The followings are the three major approaches employed in dissecting the 
complex C signalling networks. A recent review has summarized the methodologies 
adopted in the sugar signalling in a systematic and organized way (Loretl et al. 2001): 
(1) Researchers studying the C signalling pathway have frequently asked for the 
identities and the specificities of the sugar signals. To resolve these questions, sugar 
analogs have been applied exogenously. By monitoring the effect of a variety of sugar 
analogs and metabolic intermediates in maize protoplast transient expression system, 
it ended in proposing that sugar signal for photosynthetic gene repression is 
intra-cellular localized and being the substrate of hexokinase (Jang and Sheen 1994). 
However, some of sugar analogs bear toxic effects while different plants vary in their 
responses to them in terms of the uptake and/or the metabolism. Besides exogenous 
application, sugars in planta also has been manipulated by direct injection, petiole 
girdling, altering physical conditions (e.g. CO2, light intensity) or the genetic 
10 
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manipulation of invertase genes (Rolland et al. 2002). Drastic impairment of early 
embryonic development has been observed in the transgenic carrots with antisense 
repression of acid invertases (Tanga et al. 1999) and it was attributed to the 
consequent disturbance of hexose signalling which is pivotal in cell division and plant 
development throughout the life cycle. 
(2) Applying the knowledge from other well-studied organisms to the case of plant 
sugar sensing system could initiate a lot of worthy hypotheses and put forward many 
signalling components as the candidates for further studies. For examples, yeast and 
plants shares similarities in different sensing and signalling components such as 
hexokinase and SNFl kinase complex. To verifying the roles of these candidate 
components in the sugar signalling pathway, loss or gain of function approaches have 
been adopted: sense/antisense transgenic lines were generated and any subsequent 
change responding to sugar signal were investigated. Overexpressing AtHXKl 
(Arabidopsis hexokinase) in tomato plants causes growth inhibition, reduced 
photosynthesis and rapid senescence, strongly supporting that hexokinase takes part in 
sensing endogenous sugars and plays an regulatory role of hexokinase in growth and 
development (Dai et al. 1999). 
(3) Screening of mutants with sugar responsive reporting system or sugar-dependent 
observable phenotypes are methods widely used to explore unknown signalling 
components. In Arabidopsis, 11 types of sugar insensitive mutants and 7 types of 
sugar hypersensitive mutants have been screened according to the sugar-dependent 
seedling phenotypes (Rolland et al. 2002). 
Figure 1 is a schematic diagram that summarizes these three general strategies to 
11 
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unravel the mystery of sugar signalling in the plant system. 
From the powerful combination of these genetic, biochemical and molecular 
biological studies, the picture of C signalling in plants has emerged. Learning from 
these, we could start our journey of exploration of nitrogen signalling in plant by: 
(1) finding the way to alter the in vivo N signal 
(2) developing the markers for N sensing events 
(3) looking for the possible candidates of signalling components based on the studies 
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1.4.2 Designing long-term approach to tackle nitrogen signalling in plants 
Firstly, the way to alter in vivo N signal should be chosen. Using transgenic plants 
with N status changed is more preferential than exogenous application of nitrogen in the 
sense that they allow researchers to investigate in planta effect of altered N signal in a 
whole plant context at different developmental stages. However, there is also drawback to 
use transgenic plants: it will be more difficult to define clearly for the composition of the 
N signals in the transgenic plants, with the restriction posed by metabolism, the 
complexity added by sink-source transition and the possible change in overall 
developmental pace. Therefore, detailed physiological studies and biochemical 
characterization of this molecular tool are needed. 
Given a good choice and well-characterized transgenic plant for signal modification, 
it can be then used to develop different markers of nitrogen signalling events. Differential 
gene expression can be surveyed through genome-wide approaches and target genes 
investigation using the information extracted from previous studies the effect of nitrogen. 
Secondly, it is necessary to search for possible candidates of signalling components. 
By the analogy to sugar sensing, higher plants may share with prokaryotes and lower 
eukaryotes for some signalling components rooting from an ancestral sensing system for 
N, which is an indispensable element in the whole biological world. After that, loss or 
gain of function approaches can be applied to verify their possible roles in nitrogen 
signalling. 
After grasping information of individual components of nitrogen signalling events, 
the next step will be to place the fragmented "puzzle" pieces back to the intermingling 
signalling web of nitrogen. This can be achieved by elucidating the relationships between 
a signal and a downstream component or between different components through epistatic 
analysis. In such analysis, the genetic architecture is figured out by correlating the 
phenotyping data with genealogical information (Templeton 2000). One of the ways to 
generate genealogical information is making proper cross of available transgenic plants. 
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1.5 Molecular tools available to change the "signal" and proposed 
"sensor" 
At the beginning of this study, two groups of transgenic plants are chosen as the 
molecular tools to manipulate the N signal and the possible sensing component based on 
their previous characterizations. They are ASNl over-expressing lines and PII 
overexpressing lines and PII truncated lines. 
1.5.1 ASNl overexpressing lines (35S-ASN1) 
A unique molecular tool, ASNl over-expressing (35S-ASN1) lines (362-D2-d6 and 
362-4E-21) of Arabidopsis thaliana (Chan 2000) has been previously generated and 
characterized in our laboratory. 
Asparagine (asn) is a well-recognized transport and temporary storage amino acid 
while ASNl is the major gene encoding asparagines synthetase in A. thaliana. Similar to 
other nitrogen assimilatory genes, the expression of native ASNl is light-dark and 
metabolite regulated (Lam et al. 1998; Lam et al unpublished) (table 3). 
The overexpression of ASNl mRNA driven by CaMV35S promoter results in 
changes in amino acid level: 
(1) significant increases of free asn in both source and sink tissues 
(2) significant increases of total amino acids in siliques, flowers and cauline leaves 
(3) increase of asx(asn+asp)/glx(gln+glu) % ratio of total free amino acid in nearly all 
tissues tested 
(4) an enrichment of asn in the content of phloem transport amino acid 
Associated with the amino acid changes, an elevation of N content in the ultimate sink 
organ, seed has been observed (Lam et al unpublished; Wong 2002). Based on the 
qualitative and quantitative changes stated above, it is believed that 35S-ASN1 has 
affected the in vivo N signal; however, there is lacking of clear illustration about how the 
change of N signal is related to the growth and development of the plant. 
An initial trial to explore the in planta influence of the altered N signal in 
� 
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35S-ASN1 lines on growth and development has been therefore made in this research. 
6 day-old seedlings is chosen as a target of study because of the importance of N during 
post-gemiination growth and the ease of manipulating the growth conditions in the 
agar-based growth medium. 
1.5.2 PII overexpressing lines (PII ox) & PII truncated lines (PII trunc.) 
A. thaliana transgenic plants overexpressing functional (PII24-1T4, PII1-13T3) or 
truncated (TPII3-6T2, TPII6-9T2) forms of PII were made also available in our 
laboratory (a gift from Dr. Gloria Coruzzi at New York University. 
1.5.2.1 Plant PII and its possible role 
GLBl in Arabidopsis thaliana and Ricinus communis (caster bean) are the first 
reported plant homolog of the Escherichia coli PII protein (Hsieh et al 1998). Like many 
nitrogen assimilatory.genes, A. thaliana GLBl expression is regulated by light, carbon 
and organic nitrogen (Table3). Later on, genes encoding Pll-like protein has been found 
in Medicago sativa (Alfafa) (Garcia-Ibilcieta, D. and Sengupta-Gopalan, C. unpulished 
data), Triticiim aestiviim (wheat) (UniGene Cluster Ta.9891)(NCBI 2002), Lycopersicon 
esculentum (tomato) and Glycine max (soybean) (Arcondeguy et al 2001). All of them 
share 50% identities with E. coli at the amino acid level, conserve in signature domain II 
of prokaryotic PII and have the highly conserved uridylylation site Tyr-51 replaced by 
phenylalanine and possible phosphorylation site Ser-49 is conserved. 
In E. coli, PII serves in the sensing system of internal nitrogen availability by acting 
as an allosteric effector and signal transducer that indirectly regulates glutamine 
synthetase at the transcriptional and post-translational levels (Reitzer et al. 1987; Hsieh et 
al 1998). Figure 2 depicts how PII works in the sensing system in E. coli. Besides E. coli 
and higher plants, Pll-like proteins also exist in archaea, a wide range of bacteria and red 
algae, in which their proposed functions are related to the regulation of nitrogen 
assimilation (Wong 2001). Based on their prevalence across three domains of life (archea, 
‘ bacteria and eukaryotes), Hsieh et al. (1998) proposed that PII and Pll-like proteins may 
be diverged from a common ancestral metabolic regulatory mechanism. 
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With regard to its high homology and the possible evolutionary relationship with a 
family of regulatory protein of nitrogen sensing/metabolism and its expression pattern, 
plant PII may also function as a regulatory protein in nitrogen sensing system. The 
transgenic lines of A. thaliana had been constructed (Hsieh et al. 1998) in order to 
examining this hypothesis. 
1.5.2.2 Nitrogen/carbon sensing as the proposed in vivo function of Pll-like protein 
in Arabidopsis thaliana by the in planta bioassay of PII overexpressing (PII ox) lines 
PII ox lines are found to be partially impaired in relieving the sucrose-induced • 
anthocyanin accumulation in response to the addition of ImM gin (Hsieh et al. 1998). It 
was suggested that the PII protein in higher plants may also play a role in sensing the 
carbon and organic nitrogen status like their counterparts in bacteria. 
1.5.2.3 Changes in physiology and transcriptional expression of nitrogen 
assimilatory genes in PII transgenic lines 
According to the previous works in our lab (Wong 2001), PII transgenic lines show 
significant difference with control lines (wild-type: Col-0, vector alone control: 
359.2A10T3) under certain circumstance in different comparative physiological studies. 
PII ox lines have higher chlorophyll contents in shoot than controls when growing on 3% 
sucrose MS agar plates with lOOmM ammonia but not 20mM ammonia. Root length of 
PII truncated lines was significantly longer than controls under nitrogen free N agar 
plates .but not regular MS agar plates (with 60mM/L inorganic N). Seed N content of 
truncated lines is slightly higher than controls in terms of % nitrogen and N:C ratio. 
Besides altering in their physiology, the nitrogen assimilatory gene expression is also 
modulated in the transgenic lines (table 4). Therefore, in PII transgenic lines, 
discrepancies are shown in the response towards exogenous N, nitrogen status of the 
ultimate sink tissue and expression levels of genes related to nitrogen metabolism, 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































• Literature review ‘ 
1.6 Review on nitrogen controls and sensing mechanisms of microbial 
organisms 
Nitrogen is an indispensable element for all organisms. Though 78% of air is 
dinitrogen gas, N is still one of the limiting factors of growth as most organisms cannot 
fix air N to utilizable form. Ability to use a wide range of nitrogen sources is of adaptive 
significance. Besides N，the formation of organic N is C-skeleton demanding and energy 
consuming and, therefore, preferences towards particular N sources are set in different 
systems to minimize the cost of N assimilation. It is unsurprising to find that elaborate N 
control systems mediating speedy response and fine tuning towards varying N regimes 
are developed in wide range of life forms. . 
1.6.1 Nitrogen sensing in enteric bacteria 
In enteric bacteria, ammonia is the preferred N source while alternative N sources 
can be used in the shortage of ammonia. The global nitrogen regulatory {ntr) system 
responsible for the nitrogen control consists of four components, UTase/UR (encoded by 
glnD), Pii (encoded by glnB\ NRi and NRn. They act in concert to sense the intracellular 
nitrogen status reflected by glutamine to 2-oxoglutarate ratio, and control the 
transcriptional expression glnA (fig. 2) (Merrick and Edwards 1995) (Reitzer et al. 1987) 
and genes involved in nitrogen transport, nitrogen assimilation and regulation of nitrogen 
fixation (Merrick and Edwards 1995). 
1.6.2 Nitrogen sensing in cyanobacteria 
In cyanobacteria, NtcA is the key regulator of nitrogen control and belongs to CRP 
(catabolic repressor protein) (Herreo et al. 2001; Muro-Pastor et al 2001). NtcA 
responses the signal of N starvation to repress expression of GS negative regulators, IF-7 
(encoded by gifA) and IF-17 (encoded by gifB) while induce the expression of nitrogen 
assimilation genes including nirA (structural gene of nitrite reductase) and glnA 
(structural gene of GSI). In the presence of ammonia, NtcA-dependent expression is 
reversed. By correlating the time-course profiles of key metabolites (gin, glu, »< • 
2-oxoglutarate, GABA) under different nitrogen supplies to the NtcA-dependent 
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responses in wild-type and mutants (jglnAA’ gifAAgifBA), it was concluded that 
cyanobacteria perceive nitrogen status by intracellular 2-oxoglutarate levels (Muro-Pastor 
et al. 2001), though the mechanism is still unknown. 
NtcA is widely distributed in cyanobacteria and alignment of available amino acid 
sequences of NtcA proteins shows their high similarities. Three conserved regions based 
on CAP structure among NtcA proteins implicate their commonality in DNA sequence 
recognition (Herreo et al 2001). 
1.6.3 Nitrogen sensing in fungi 
In fungi, ammonia, glutamine, glutamate and asparagine are the preferred N sources. 
In the absence of these N sources, secondary N sources such as nitrate and proline will be 
used. Switching from primary to secondary N sources utilization generally requires 
co-exertion of two positive-acting signals: global signal to remove the nitrogen catabolite 
repression and pathway specific signal to activate set of enzymes specific to particular 
substrate from an array of nitrogen catabolic structural genes. Regulatory proteins 
conducting global signal (e.g. area in Aspergillus nidulans’ nit2 in Neurospora crassd) 
belong to the GATA family of transcriptional factors possessing a remarkably highly 
conserved DNA binding domain. However, GATA proteins are also responsible for other 
regulatory functions in fungi, elegans, tobacco and vertebrates. Many of pathway-specific 
regulatory factors are the members of the large GAL4 family characterized with a single 
Cyc6/Zn2 type of binuclear zinc cluster which is so far only found in fungi (Marzluf 
1997). 
Besides being one of possible N sources, amino acid is also the products of N 
assimilation and building blocks for protein, aminosugar and peptidoglycan. Obviously, 
homeostatic challenge of amino acid utilization and synthesis should be tackled properly. 
General amino acid control has been studied extensively in yeast. Fig. 3 graphically 
describes the transcriptional control of amino acid biosynthetic genes though a 
translational control on a key transcriptional factor GCN4 in response to amino acid 
starvation (Hinnebush 1997; Sattlegger et al. 1998; Sood et al. 2000). During amino acid 
• starvation, the level of uncharged tRNA will increase. The ribosome bound GCN2, with 
the facilitation of GCN1/GCCN20 complex, will be stimulated by the uncharged tRNA. 
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This activated GCN2 will then phosphorylate the eukaryotic initiation factor 2a (eIF2a). 
Phosphorylate eIF2a acts as the inducer of the translational of GCN4, which is the 
transcriptional activator of amino acid biosynthetic genes (fig. 3). 
1.6.4 Implication of the nitrogen sensing mechanisms in microorganisms to nitrogen 
sensing in plants 
Although plant is evolutionary distal from microogranism, they may share some 
ancestral components or/and mechanisms. Hexokinase as a sugar sensor in both higher 
plants and yeast is a well-illustrated example and PII, a well-known nitiogeii regulator in 
bacteria, is a hot candidate for nitrogen sensing regulator in plants. Furthermore, in this* 
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1.7 Hypothesis, objective and outlines of this thesis work 
We hypothesize that internal nitrogen status may be an in vivo signal, which takes 
part in coordinating different life processes in higher plants and, therefore, the altered N 
status in ASNl overexpressing lines will mediate changes in metabolic and 
developmental pathways through signalling. 
The aim of this work is to prepare the platform for elucidation of nitrogen signalling 
events in higher plant. 
Arabidopsis thaliana, the well-studied genetic model plant, was chosen as the 
studying subject because of presence of comprehensive information on its metabolism 
and physiology, ease of genetic manipulation, availability of complete genome sequence 
and molecular tools, and simplicity in modification of growth environment. 
Given the information described in chapter 1.6，35S-ASN1 lines and PII transgenic 
lines are justified molecular tools used to change the "signal" and proposed "sensor" in 
nitrogen signalling pathway respectively. Fig.4 depicts how these tools can be used to 
investigate nitrogen sensing by epistatic analysis. In order to undergo such investigation, 
some additional tasks, which are the goals of this work, should be completed. 
The project objectives are 
1. to further examine the effect of N status change in 35S-ASN1 lines on growth 
aspects; 
2. to prepare transgenic lines constitutively expressed ASNl and GLBl (or ASNl and 
truncated GLB1)\ and 
3. to develop molecular makers and morphological marker for nitrogen events. 
In addition to PII, it is possible for the existence of other plant homologs of 











































































































































































































































































































































































































































































































































































































































.. ‘ Materials and Methods 
Chapter 2 Materials and Methods 
2.1 Materials 
2.1.1 Plants, bacterial strains and vectors 
The Escherichia coli strain DH5a was used as the host for gene cloning unless 
stated the otherwise. All the transgenic plants have Col-0 (an ecotype of Arabidopsis 
thaliana) as background. A list of plant hosts, bacterial strains, plasinid vectors used 
in the research was shown in Table 5. 
Table 5: Plants, bacterial strains and vectors used. 
Bacteria Description References 
Escherichia coli DH5a A recombinant-deficient amber (Hanahan 1983) 
suppressing strain used for plating 
and growth of plasmid 
Plant hosts Description References 
Columbia-0 (Col-0) A. thaliana wild-type ecotype for Lab stock 
transformation 
359-2C-8 • A. thaliana transformed with empty Lab stock 
vector 
362-D2-d6, Homozygous transgenic lines Lab stock 
362-4E-21 constitutively expressing ASNl 
PII24-1T4 Homozygous PIT overexpressing Professor Gloria 
PII1-13T3 transgenic lines Coruzzi's Lab at New 
‘ 27 
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York University 
TPII6-9T2 Homozygous truncated PII Professor Gloria 
TPII3-6T2 overexpressing transgenic lines Coruzzi's Lab at New 
York University 
#34 Homozygous crossing progeny This work 
(362-4E-21 XPII1-13T3) 
#8 Homozygous crossing progeny This work 
(362-4E-21 X TPII6-9T2) . 
Plasmid vectors Description References 
pBluescript II KS (+) Plasmid for subcloning of target gene Strategene, La Jolla, CA, 
U.S.A. 
pMW266- Amp"" Plasmid for producing cRNA of Gift from Dr. Wang, 
(p-lactamase) gene ‘ Amp'" K. -K . 
2.1.2 Chemicals and Regents 
‘ T h e major chemicals and reagents used in this research are listed in Appendix 
I. 
2.1.3 Buffer, solution and gel 
- Unless otherwise stated, buffer, solution and gel were prepared according to 
the formulation listed in Appendix II. 
2.1.4 Commercial kits 
� 
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The major commercial kits used in this research are listed in Appendix III. 
2.1.5 Equipments and facilities used 
Unless otherwise stated, all equipments and facilities were provided by 
Department of Biology, CUHK. An inventory is shown Appendix IV. 
2.1.6 Growth medium 
The growth medium used in this research is listed in Appendix V. Otherwise 
stated, the liquid medium was adjusted to pH 5.7 by IM KOH and then autoclaved for 
20min before use. ‘ 
2.1.7 Primers 
The primers used in this research are listed in Appendix VI. 
2.2 Methods 
2.2.1. Growth condition for plant materials 
2.2.1.1 General conditions 
Seeds of A. thaliana were first surface sterilized in undiluted bleach liquid 
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(Clorox) for 3 minutes with vigorous shaking. The seeds were then rinsed with I ml 
autoclaved distilled water for 3 times to remove bleach. The surface sterilized seeds 
were allowed to imbibe with water at 4 � C in darkness for two days before individually 
placed onto MS plate. The MS plate with seeds then transfers into environmentally 
controlled chambers. Regular light-dark cycle was set to a day length (illumination of 
120j-iEm-2士 10 at 22°C) for 16 hours, followed by a dark period of eight hours at about 
20°C. 
2.2.1.2 Mature Arabidopsis for gene expression profile 
MS plates consisted of 4.3g/L MS salts 11117，3% sucrose and 1.5% bacto-agar. 
lOd old seedlings of similar developmental stages were transferred to Metro-Mix-200 
soil (Hummert, St Louis, MO) for further growth with identical conditions as 
described in the growth chamber. Different lines were transferred to separate pots and 
subirrigated using a common tray. Similar amount of water and nutrients were applied 
to all the trays, but not to individual plants to avoid uneven distribution of nitrogen 
resources. The vegetative tissue of 9 individuals was harvested after 14 days soil 
growth at the mid-day and frozen by liquid nitrogen till use. 
2.2.1.3 Arabidopsis seedlings for physiological experiment 
Composition of MS plates was different from those used in 2.2.1.2. Details were 
shown in Appendix V. All the plates for the same experiment were placed at the same 
layer of the growth chamber. The light across the same layer were measured by quantum 
.. meter and temperature was measured by thermometer to ensure all plates were in 
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design, agar plate had been divided into approximately equal sized sectors with the 
number equal to number of lines under comparison. Seeds of same line were plated 
within one sector. All lines for comparison were placed once in the same plate, which 
was regarded as an experimental block. 
2.2.2 Molecular Techniques 
2.2.2.1 Bacterial cultures for recombinant DNA 
Bacterial strains {E. coli) were inoculated from glycerol stocks (stored at 
-70°C) or directly from single colony on the LB agar plate into LB broth with lOOmg/ 
L ampicillin and shake at 200 rpm, 37°C, for overnight {E. coli) overnight. 
2.2.2.2 Preparation of pBluescript II KS(+) T-vector for cloning 
One 1^ 1 pBluescript II KS(+) vector was mixed with 1 \i\ of 2mg/ml BSA, 2^1 of 
lOX Buffer D (Promega), and 2|il EcoRW (lOU尔 1，Promega). The final volume was 
made up to 20|il using double distilled water. The reaction was incubated at 37°C 
overnight. The digested vector purified by ethanol precipitation (2 volume of absolute 
ethanol, 1/10 volume of 3M sodium acetate (pH 5.2), incubated at -20°C for at least 
30min) was then mixed with 5^1 of lOX PGR buffer (Roche), 0.5|il of lOOmM dTTP 
and 2.5U Taq DNA polymerase (Roche). The final volume was made up to 50^1 by 
autoclaved distilled water. The reaction was incubated at 7 2 � C for 30 minutes. After 
purification by ethanol precipitation and resuspension with water, the vector was 
. stored at -20°C. . 
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2.2.2.3 Cloning techniques 
PCR product was purified by ethanol precipitation (2 volume of absolute ethanol, 
1/10 volume of 3M sodium acetate (pH 5.2), incubated at -20°C for at least 30min) 
and used as insert for ligation. Ligation of DNA fragments and vectors with 
compatible ends were performed with ImM dATP and 3 units T4 DNA ligase 
(Promega) in IX T4 DNA ligase buffer (as recommended in the company product 
notes) and the reaction mixes were incubated at 16�C overnight. 
2.2.2.4 Transformation of DH5a competent cell 
(i) Preparation of CaCb-competent DH5a and DE3 competent cells 
DH5a was first inoculated into 5 ml LB medium and shook at 200 rpm, 37°C 
overnight to make a starter culture. Four milliliters starter culture was then added to 
400 ml LB medium and allowed to grow to until optimal density at 600nm (O.D. 600) 
reached 0.4. The culture was chilled on ice for 10 minutes and centrifliged at 1600g 
for 7 minutes at 4°C. After discarding the supernatant, the cell pellet was resuspended 
in 80ml ice-cold 60mM CaCb solution. The cell culture was centrifuged at llOOg for 
5 minutes at 4°C. Supernatant was discarded again and cell pellet was resuspended 
with 80ml ice-cold 60rnM CaCb solution. The suspension was allowed to stand on ice 
for 30 minutes. It was then centrifuged at llOOg for 5 minutes at 4°C. The pellet was 
finally resuspended with 8ml ice-cold CaCb solution after discarding the supernatant. 
Aliquots of 0.1 ml were transferred into prechilled, sterile 1.5ml tubes and stored at 
. -70°C until ready to use (modified Sambrook et al 1989). 
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(ii) Transformation of DH5a competent cells 
The plasmid DNA was transformed into DH5a competent cells via heat 
shock calcium chloride mediated transformation. The plasmid DNA was added to an 
aliquot of 0.1 ml pre-chilled competent cells. The mixture was allowed to sit on ice 
for 20 minutes, followed by a heat shock at 42°C was carried out for 2 minutes. Cells 
were immediately rescued by adding 0.5 ml LB broth and incubated at 37°C for 1 • 
hour with shaking at 150 rpm. The recovered cells were spread on LB agar plate with 
appropriate antibiotic for screening and X-gal (40|il 20mg/ml per plate) and IPTG 
(8}xl lOOmg/ml per plate) for blue-white selection and incubated at 37°C overnight. 
2.2.2.5 Gel electrophoresis 
(i) DNA gel electrophoresis 
Agarose gel was prepared by heat-dissolving 10-20mg/ ml agarose powder in 
IX TAE using a microwave. After cooling down to below 60°C, l|j.l Img/ ml 
ethidium bromide was added before pouring onto a gel caster. DNA samples in IX 
bromophenol blue loading dye were normally loaded onto 1-2% agarose gels. The gel 
electrophoresis was run in IX TAE buffer at 80 V until the dye font near the edge of 
the gel at positive charged terminal. 
(ii) RNA denaturing gel electrophoresis 
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One percent denaturing gel was prepared by heat-dissolving Ig agarose gel 
powder in 87 ml autoclaved DEPC-treated distilled water using a microwave. Ten 
millilitres lOX MOPS buffer and 3 ml formaldehyde (37%，pH>4.0) were added after 
the temperature was cooled to below 70°C. The denaturing gel solution was then 
mixed and poured in a clean gel tray. RNA sample was added in a final volume of 
35|li1 solution containing 3.5 fil lOX MOPS, 17.5 37% formamide, 6.13 
formaldehyde, l|j.l Img/ ml ethidium bromide and 1 |il 6X bromophenol blue loading 
dye. The sample mixture was denatured at 55°C for 20 minutes and then put 
immediately onto ice. The denatured RNA samples were loaded onto the denaturing 
agarose gel and gel electrophoresis was run in IX MOPS buffer at 80 V for 2 hours. 
2.2.2.6 DNA and RNA extractions from plant tissues 
(i) CTAB extraction of genomic DNA 
The protocol of isolation of plant genomic DNA was modified from Doyle and 
Doyle (Doyle and Doyle 1987). Around lOOmg of plant tissue in a 1.5 ml tube was 
grounded in liquid nitrogen with glass rod. 400|il 2X CTAB buffer freshly added 
2-mercaptoethanol) was added and incubated at 65°C for at least 30 minutes. 400|il 
phenol: chloroform: isoamylalcohol (PCI) (25:24:1, v/v) was added and the samples 
tubes were inverted up and down. The tube was spun at 13000rpm for 5 minutes to 
separate aqueous and organic phases. The upper, aqueous phase was transferred to a 
fresh reaction tube and undergone another two-phase extraction with 400|il 
chloroform: isoamylalcohol (CI) and, again, the aqueous phase was saved. Equal 
volume of isopropanol was then added, mixed well and incubated at -20°C for at least 
30 minutes. The tube was centrifuged for 20 minutes at ISOOOrpm to pellet the DNA. 
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Supernatant was removed and the pellet was washed with 200|il CTAB washing 
buffer and 200^1 70% ethanol. The resultant pellet was air-dried. Finally, the pellet 
was resuspended in sterilized deionized water supplemented with Ifxg/ ml RNaseA 
and incubated at 37°C for 30 minutes. The solution was kept at -20° C for prolonged 
storage. Gel electrophoresis for DNA with 1% agarose TAE gel was used to examine 
the quality and estimate the quantity of the extracted genomic DNA. 
(ii) Plasmid DNA extraction from bacterial cells 
Plasmid DNA was isolated using the Wizard plus minipreps DNA purification 
kit (Promega). The procedures were according to the commercial manuals. 5ml cell 
culture was used as starting material per reaction pBluescript. 
(iii) RNA extraction from plant tissues 
“Plant RNA extraction protocol was modified from a standard protocol (Ausubel 
et al. 1995). Approximately 5g plant tissue for RNA extraction was harvested and 
immediately frozen and ground in liquid nitrogen before homogenized in 15ml 
extraction buffer. The aqueous portion of the sample was then extracted twice with 
PCI followed by two rounds of CI extraction. 1/10 volume of 3M sodium acetate (pH 
5.2) and 2 volumes of absolute ethanol were added to the resulting aqueous layer and 
the sample was stored at -20°C overnight to precipitate the nucleic acids. After 
centrifugation at SOOOrpm for 20 minutes (roter F34-6-38: Centrifuge 5810R, 
‘ Eppendorf), supernatant was discarded and the nucleic acid pellet was resuspended 
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with 1 ml 3M sodium acetate, pH 5.6 and the suspension was transferred to a 1.5ml 
microcentrifuge tube. After centrifugation at 13000 rpm for 30 minutes, mRNA and 
rRNA were precipitated and tRNA and DNA remained in the supernatant. The pellet 
was then resuspended in 0.4ml 0.3M sodium acetate pH5.6 and the RNA was 
precipitated by adding 1ml 100% ethanol and kept at -20 °C overnight. After 
centrifugation at 13, 000 rpm (Refrigerated centrifuge 581 OR, Eppendorf 03463) for 
30 minutes and removal of supernatant, the RNA pellet was air-dried before 
resuspended in DEPC-treated distilled water. 
2.2.2.7 First strand cDNA synthesis 
The procedure was accorded to the protocol give by the SUPERSCRIPT™!! 
RNase H" Reverse Transcriptase (Invitrogen). RNA quantitation was based on the 
result of RNA gel electrophoresis. 5pig RNA and \.22\i\ 85M oligo dT (and also amp 
RNA for radioactively probe synthesis) were mixed in 8|al volume solution and 
denaturated at 70°C for lOmin and then chilled on ice. 0.4jj,l 5X first strand buffer, 2\i\ 
O.IMDTT and 1 |j,l lOmM dNTP (invitrogen) were added to the reaction mixture, 
followed by the 2min incubation at 42°C. Finally, Ijal SUPERSCRIPTTMII RNase H" 
Reverse Transcriptase (200U/ul) was added for each 20|j.1 reaction mixture and the 
reaction mix was further incubated at 42°C for 50min, followed by 70°C incubation 
for 15min (to stop the reaction). To remove the RNA, 2U RNase H was added and the 
mixture was incubated for 20min at 37°C. 
2.2.2.8 PCR techniques 
� 
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Otherwise stated, for generating DNA fragment for subcloning and PGR 
amplification, the PCR reaction mixture contained Ing plasmid or 1^1 first strand 
cDNA, 0.2 |iM of each primer, IX PCR buffer with 1.5mM MgCb, 0.2mM dNTPs 
and 1 Unit Taq DNA polymerase were reacted in a final volume of SOfil. 
2.2.2.9 Sequencing 
PCR-aided DNA sequencing was performed by using the ABI prism 
dRhodamine terminator cycle sequencing ready reaction kit (Applied Biosystems) to 
make labeled single strand DNA (as described in 2.2.1.12). Around 300ng DNA 
sample was used as the template in a lO^il reaction mixture, with 0.4pmole primer and 
4jil terminator ready reaction mix included. The PCR cycle profile was as follows: 94 
°C for 5 minutes before 25 cycles of 96°C for 10 seconds, 50°C for 5 seconds, 60°C 
for 4 minutes. The PCR reaction product was added with Ijil 3M sodium acetate 
(pH5.2) and 25|j.l 95% ethanol. The mixture was kept at -20°C for at least 30 minutes 
and centrifuged at MOOOg for 30 minutes. The DNA pellet was washed in 70% 
ethanol after removal of supernatant. The washed and air-dried pellet was then 
resuspended in 12}il Hi-Di formamide (Applied Biosystem). The sample was then 
applied to the Genetic Analyzer ABI prism 3100 for analysis. 
2.2.3 Analysis of sequences and homology search 
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2.2.4 Biochemical analysis 
2.2.4.1 Sugar content analysis 
(i) Sugar extraction 
Liquid nitrogen frozen sample in centrifuge tube was ground to powder with the 
help of glass rod and then 500[il 80% ethanol (v/v) was added to the tube. After 2 hours 
incubation at 70°C in a heating block and 15min centrifugation by maximum speed, the 
soluble fraction was transferred to a new centrifuge tube. Second extraction of the 
remaining residue was carried out with similar procedure except only 200[il 80% 
ethanol was used. The resultant soluble fraction was added to that of first extraction. 
The solution was then dried to pellet by centrivap concentrator. 200^1 distilled water 
was used to dissolve the pellets of the samples grown on agar plate with sucrose and 
100|xl was used for those of the samples grown on agar plate with sorbitol. The extracts 
were stored at 4°C until measurement. 
(ii) Acid hydrolysis 
Procedure of reducing acid hydrolysis was modified from Moore (Moore 1981). In 
45^1 acid hydrolysis reaction, lO^il - 20|il of sugar extract and 5\i\ 2M HCl together 
with suitable amount of distilled water were mixed in 0.6ml tube and heated at 99°C for 
15min. After cooling, 5|il ^M NaOH was used to neutralized the reaction mixture. 
Resulted 50fil solution could then be used directly in reducing sugar measurement. 
(iii) Reducing sugar measurement 
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Copper reduction colorimetric method was employed to detect reducing sugar. 
50|il diluted extracts was added to 50)11 Somogyi's alkaline copper reagent in 0.6ml 
tube and then kept at 99°C for lOmin. Procedure of reducing sugar measurement was 
modified from Moore (Moore 1981). After cooling, 50|il arseno-molyodate reagent and 
350|il distilled water were added to the reaction mixture. Followed by thorough mixing, 
the absorbance at 560nm was measured by Microplate Spectrophotometer twice and the 
average value was used. To ensure the 560nm readings of samples falling into the linear 
range of the standard curves, preliminary assays were carried out for finding proper 
dilution of the samples. For 6d old seedlings planted on medium with sucrose, lOjil 
sample was mixed with 40|il autoclaved distilled water. For those planted on medium 
with sorbitol, 15(0.1 sample was mixed with 35^1 autoclaved distilled water. In every 
measurement, there were glucose standards (ranging from 0-2mM) accompanied with 
samples. 
2.2.4.2 Anthocyanin content analysis 
The procedure of anthocyanin determination was largely based on that described by 
Mita et al. (1997). Following immediately the fresh weight measurement, 500^1 of 
methanol containing 1% HCl (v/v) was used to extract less than twenty-five (for those 
grown on NH4+ medium) or forty (for those grown on 0-2mM gin medium) 1 Od old 
seedlings. The extraction was carried out at 4°C with continuous shaking in cold room 
for 1 day. After centrifugation, the absorbance of the supernatant at 530 and 657nm was 
measured by Microplate Spectrophotometer and the content of anthocyanin was 
calculated by A530-0.25*A657 where A657 was used to estimate the amount of A530 
contributed by chlorophyll and its degradation production rather than anthocyanin. 
� 
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Homogenization process was avoided to prevent sample loss when handling large batch 
of samples while similar results were obtained for with and without homogenization in 
the preliminary experiment. 
2.2.4.3 Fresh weight measurement 
Whole seedlings were removed from agar gently with forceps and blotted for a 
short period on 3MM filter paper before putting into a pre-weighted 1.5ml centrifuge 
tube, followed by re-weighting. For those seedlings grown under sucrose and for 
reducing sugar analysis, the seedlings were rinsed with distilled water before blotting. 
2.2.4.4 Statistic analysis 
Two statistic programs were used for data analysis: 
(i) WinSTAT® fro Microsoft® Excel (version 2001.1) 
, O n e - w a y ANNOVA with alpha setting at 0.1, 0.05 and 0.01 was used 
(ii) SAS 
Following is the example code used for randomized block design analysis: 
DATA y； I N F I L E C A R D S M I S S O V E R ; 
I N P U T b l o c k t r e a t m e n t f w p e r s e e d i n g； 
CARDS； r u n ; 
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P R O C G L M DATA=y； C L A S S b l o c k treatment； 
T I T L E 2 ‘sorlOOANALYSIS OF V A R I A N C E ' ; 
M O D E L f w p e r s e e d i n g = t r e a t m e n t block； 
r a n d o m b l o c k / t e s t ; 
m e a n s t r e a t m e n t / T U K E Y a l p h a = 0 . 0 5； 
run � 
2.2.5 Generation of crossing progenies 
2.2.5.1 Artificial crossing of 丄 thaliana 
The crossing procedure was adopted as described by Koomeef et al. (1998). The 
young and unopened flower buds were chosen in a vigorous plant bearing 20 to 25 buds 
and flowers. Their sepals, petals and stamens were carefully removed to expose the 
pistils using extra fine forceps and magnifying glass. Flowers bearing rough pollens, 
observed under lOX magnifying glass, were mature enough to become a suitable pollen 
donor. After removal of petals, the anthers bearing tremendous pollens were picked and 
touched directly on the exposed pistils in female parental plant. The pistils were then 
wrapped with Seran Wrap to prevent from drying out. Tags were made to mark the 
crossed flowers. Pistil should elongate within 48 hours if pollination was successful and 
after that Seran Wrap could be removed. Fully mature seeds were harvested from the 
tagged flowers for further analysis of the same cross. 
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The information of primers, PGR profiles and products' size was shown in table?. 
PCR reaction was carried out in a SOfil reaction mixture containing Ix Roche PGR 
buffer supplemented with MgCl2, 0.2mM dNTP mixture, O.S^M primers each, 
50-100ng genomic DNA and 1 unit Taq DNA polymerase (Roche). 
Table.7: Table showing the specification of the PCR reaction in screening crossing 
progenies 
Target Gene Primer Expected Product PCR profile 
transgene specific sequence size (bp) • 
primer 
ASN1 ASN1 HMOL 1180bp 1. Denaturation: 
transgene (Forward) 932 94°C 5min X1 
2. Stepdown X10: 
NOS HMOL 94°C: 30s 
terminator 1312 60-50°C: 20s 
(Reverse) 72。C: 45s 




4. Hold for complete elongation: 
二 72°C: 10min 
GLB1 and GLB1 HMOL for GLB1 1. Denaturation: 
truncated /truncated 560 transgene: 94°C 5min X1 
GLB1 GLB1 921 bp 2. Repeat X50: 
transgenes (Forward) 94。C: 30s 
NOS HMOL for truncated 54°C: 20s 
terminator 1312 GLB1: 72°C: 45s 
(Reverse) 551 bp 3. Hold for complete elongation:  
72。C: 10min 
2.2.6 Construction of subtractive libraries 
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The subtractive libraries were constructed by using the CLONTECH 
PCR-Select™ cDNA Subtraction Kit (Clontech K1804-1). The construction involved 
five major steps: cDNA synthesis, Rsal digestion, adaptor ligation, hybridization and 
PCR amplification, followed by cloning, transformation and sequence analysis. The 
first four major steps were performed by Iris Tong. All procedures were according to 
the manufacture's recommendation. The tester and driver cDNA were obtained from 
mature plant vegetative tissue of 362-D2-d6 and Col-0. 
2.2.7 Reverse-dot blot screening ‘ 
To eliminate the false positives among the subtractive hybridization clones and 
examine the expression profiles of known genes, reverse dot blot hybridization 
screening was adopted. 
2.2.7.1 in vitro transcription for making ampicillin cRNA 
Although the starting materials, RNA，were in equal amount for all samples, 
variations due to accumulative loss throughout this multiple screening process might be 
significant. Therefore, cRNA of ampicillin was added before the first strand cDNA 
synthesis for the radioactive probes and the expression levels of ampicillin was used for 
normalization for the samples they added to. In synthesizing the cRNA, procedure was 
largely followed those described by Eickhoffe^ al. (1999). Using the primers 5'ampT7 
and 3'amppA: (T)3o , and lOng plasmid pMW266-Amp''gene, the template for in vitro 
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1. Denaturation: 
96°C 2min X1 




3. Hold for complete elongation: 
72。C: 2min 
After purification by ethanol precipitation (2 volume of absolute ethanol, 1/10 
volume of 3M sodium acetate (pH 5.2), incubated at -20�C for at least 30min), in vitro 
transcription was accomplished with DIG RNA labelling kit (Roche) by following the 
instruction of the kit, except that NTPmix (invitrogen) was used instead of DIG RNA 
labeling mix. Ifig template, SOU T7 RNA polymerase (Roche) and SOU RNase 
inhibitor (Roche) and ImM NTPmix (Invitrogen) were mixed in 40 |il IX transcription 
buffer and then incubated at 37°C for 2hr. Following the RQl DNase I (Promega) 
treatment and purification by phenol/chloroform extraction and ethanol precipitation (as 
described in RNA extraction), the RNA was qualified using spectrophotometric 
absqrbance at 260nm. Quality of the amp RNA was proved by the successful specific 
amplification of amp (with HMOL 1254 and HMOL 1255) with the first strand cDNA 
synthesized from it. Aliquots of RNA were stored at -70°C. 0.1-lng amp RNA was 
added to 5ug RNA before the first strand synthesis. 
2.2.7.2 PGR amplification 
»• 
For known function genes which has been cloned into pBluescript and subtractive 
� 
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hybridization clones, they were amplified by SK and KS primers. The PCR profile was: 
1. Denaturation: 
95。C 2min X1 




3. Hold for complete elongation: 
72°C: 2min 
For those remained uncloned, they were amplified from first strand cDNA by step 
down PCR: 
1. Denaturation: 
94°C 5min X1 




3. Repeat X45 
94°C: 30s 
. 5 4 ° C : 20s 
72。C: 45s 
4. Moid for complete elongation: 
2.2.7.3 Dot-blotting of PCR products on nylon membrane 
For each gene, around 200ng of its PCR product was dotted to positively charged 
nylon membranes (Boeringer Mannheim 1209299) using the Bio-dot microfiltration 
apparatus (Bio-Rad 170-6545). For denaturation of the PCR products, 5X denaturation • • * 
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30min and then pooled together so that they were in IX denaturation solution. (English 
and Parker 1999). After 30min at room temperature after pooling, they were applied to 
the pre-wet membrane under vacuum. Still under vacuum, 200}il 20X SSC was added 
to each dot. Finally, the membrane was removed and UV crosslinked by GS Gene 
Linker UV Chamber (BioRAD) using the preset program C4. 
2.2.7.4 32p probe preparation 
Megaprime DNA labeling kit (RPN 1604/5/6/7) was used to generate ^^P probe. 
25ng of first strand cDNA purified by ethanol precipitation (2 volume of absolute 
ethanol，1/10 volume of 3M sodium acetate (pH 5.2), incubated at -20°C for at least 
30min) and dissolved in water, 5^1 primer (random nonamer primers) and autoclaved 
distilled water was added to 33|il reaction mixture. After denaturing at 95°C -100°C for 
5min, lOfil labeling buffer, 2U Klenow fragment and radiolabelled dNTP 
(17pmol[alpha-32p]dCTP，3000Ci/mmol) (Amersham) were added. After incubation at 
37°C for 1 hr, the probe were denatured at 95°C to 100°C for 5min and then chilled on 
ice, 
2.2.7.5 Hybridization 
Rapid-hyb buffer (Amersham) was used for hybridization and the procedure was 
mainly followed the instruction given with the product. 65°C was used as the 
temperature for prehybridization and hybridization. After more than 15min 
prehybridization with 10ml buffer for the membrane, diluted denaturated radioactive 
. probe was added (50% volume of probe + 0.5ml buffer) to the buffer. After 2.5 hours 
hybridization, the membrane was washed with 50ml cold wash solution (2XSSC, 0.1% 
� 
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SDS) at room lemperature for 20min twice and then with 50ml hot washes solution 
(0.5XSSC, O.P/oSDS) at 65�C for 20min twice. The washed membrane was wrapped in 
Saran Wrap and film was added above in dark room. Autoradiograph at -70°C for 16hr 
was allowed before the film development. 
2.2.7.6 Signal detection 
Signal was detected by Bio-Max scientific imaging film and then the signal 
intensities were analyzed by Model GS-690 Imaging Densitometer (BioRAD) and 
Storm 860 (Molecular Dynamics) and normalized with amp expression signal on the 
membranes. 
* . 
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Chapter 3 Results 
3.1 Differential growth behavior and sugar content in 35S-ASN1 lines 
As mentioned in the Literature Review, our laboratory has previously constructed 
ASNl overexpressing lines (35S-ASNl lines) that exhibit altered N status. To examine 
whether such N status change will exert effect beyond N metabolism, growth and sugar 
levels of 35S-ASNl lines were studied. 
3.1.1 Growth of the seedlings of 35S-ASN1 lines under different N and C 
supplementations 
To investigate whether the change in the internal N status of these 35S-ASNl lines 
will lead to corresponding change in seedling growth, fresh weight per seedling under 
different N and C regimes were compared between control lines (wild-type, Col-0, and 
vector-alone control, 359-2C-8) and 35S-ASN1 lines (362-D2-d6 and 362-4E-21). Six 
day-old seedlings were chosen as the targets because the important roles of nitrogen and 
carbon on post-germination growth were documented previously at this stage (Martin et 
al. 2002). To eliminate the effects due to variations among microenvironments, 
randomized block design was adopted (see Materials and Methods). To achieve more 
synchronized germination, seeds were imbibed at 4°C in dark for 3-4 days before put on 
growth medium. Using SAS program, GLM model of randomized complete block design 
and Tukey's Studentized Range (HSD) at alpha level 0.05 were employed for data 
analysis. 
In each C and N regime, two independent experiments were performed and they 
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gave similar results (fig. 5). In one of the six regimes tested (1%N and lOOmM sorbitol) 
both 35S-ASNl lines consistently showed higher values of fresh weight per seedling than 
controls. In addition to the numeric values of Pr (>F) (table 8) and confidence level used 
in the Tukey test, the morphological difference observed consistently in eleven out of 
twelve blocks (i.e. agar plate) also gave us an idea about how rare it is for a difference to 
be resulted from random events. A block containing 1%N and lOOmM sorbitol was 
compared to one containing 100%N and lOOmM sorbitol (fig. 6). From these photos, the 
overall better growth of 35S-ASNl lines was clearly visualized in 1%N and lOOmM 
sorbitol regime but not in 100%N and lOOmM sorbitol regime. 
3.1.2 Lowered reducing sugar content in 35S-ASN1 lines 
Poor external "nitrogen supply resulted in the higher sugar content in seedlings 
(Martin 2002). To answer whether the change of the internal N status in 35S-ASNl lines 
has analogous effects, the reducing sugar content was measured without or with acid 
hydrolysis for some of the samples collected in experiment (i) in 3.1.1 (fig. 7 & 8). The 
data was then analyzed as mentioned above, except that LSD (Fisher's 
least-significant-difference test, a more liberal multiple comparison method) and 0.1 
alpha level were also used beside the conservative Tukey method and 0.05 alpha level. 
The data of reducing sugar resulted from acid hydrolysis, reflecting the level of 
disaccharides, was calculated by subtracting that after acid hydrolysis to that without acid 
hydrolysis. The only distinct grouping was found under 1%N and lOOmM sucrose 
condition and without acid hydrolysis (fig. 7a and table 9b). In this case, both 35S-ASN1 
lines exhibited lower reducing sugar levels than control lines, but only with a slight 
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Fig.5: Bar charts showing the results of fresh weight per seedling measurement for 6d old seedlings grown 
at agar plates with 6 different regimes. 100%N, 1%N and 0.167%N are the percentages of N sources 
relative to Mursahige and Skoog (MS) formula. Results are shown as mean 土 standard deviation of 5-6 
independent pools of around 36 seedlings grown on the same agar plate /bar. The data were analyzed by 
GLM model of randomized complete block design and compared by Tukey's Studentized Range (HSD) 
(alpha = 0.05). Within particular regime, lines of the same letters are of no significant difference. Regimes 
having letters above bolded have Pr (>F) being smaller than 0.0001. No distinct grouping could be found within the regime without any lette above, (i) (fig. 5a) and (ii) (fig. 5b) are the two independent experim nts. 
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Table 8: Statistic analysis results of fresh weight per seedling measurement of 6d old 
seedlings of different lines. 100%N, 1%N and 0.167%N are the percentages of N sources 
relative to Mursahige and Skoog (MS) formula. 1: Col-0; 2: 359-2C-8; 3: 362-D2-d6; 4: 
362-4E-21. sue： lOOmM sucrose; SOR: lOOmM sorbitol. HSD: Tukey's Studentized 
Range. Bolded words belong to regimes with distinct grouping. 
(a)  
Expt. Sugar %N Grouping of HSD(alpha=0.05) Treatment Block 
1 2 3 4 F Pr(>F) F Pr(>F) 
(i) s u e 100 A A A A 3.23 0.0608 2.94 0.0654 
1 B B B A 5.50 0.0130 9.33 0.0011 
0.167 B B AB A 7.61 0.0041 4.06 0.0263 
SOR 100 B B AB A 4.18 0.0245 2.67 0.0643 
1 B B A A 25.43 <0.0001 6.08 0.0029 
0.167 BC C B A 17.35 0.0001 0.31 0.8678 
(ii) s u e 100 B B B A 22.23 <0.0001 3.17 0.0379 
1 AB B AB A 7.25 0.0031 10.09 0.0002 
0.167 B B AB A 6.29 0.0056 0.62 0.6889 
SOR 100 B B B A 7.66 0.0025 10.78 0.0002 
1 B B A A 15.06 <0.0001 8.64 0.0005 





































































































































































































































































































































































































































































Graph showing the reducing sugar per freshweight of control lines and 
35S-ASN1 lines under different N regimes and lOOmM sucrose 
without acid hydrolysis 
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Graph showing the reducing sugar per freshweight of control lines and 
35S-ASN1 lines under different N regimes and lOOmM sucrose 
, resulted from acid hydrolysis 
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Fig. 7: Bar charts showing the results of reducing sugar per freshweight measurement (a) without acid 
hydrolysis and (b) resulted from acid hydrolysis for 6d old seedlings grown at agar plates with 3 different 
regimes o f N in the presence of lOOmM sucrose. 100%N, 1%N and 0.167%N are the percentages o f N 
sources relative to Mursahige and Skoog (MS) formula. Results are shown as mean 士 standard deviation of 
3 independent pools of around 36 seedlings grown on the same agar plate /bar. The data were analyzed by 
GLM model of randomized complete block design and compared by Fisher's least-significant-difference 
test (LSD) (alpha = 0.1). Within particular regime, lines of the same letters are of no significant difference. 
No distinct grouping could be found within the regime without any letter above, 
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Graph showing the reducing sugar per freshweight of control lines and 
35S-ASN1 lines under different N regimes and lOOmM sorbitol 
without acid hydrolysis 
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Fig. 8: Bar charts showing the results of reducing sugar per freshweight measurement (a) without acid 
hydrolysis and (b) resulted from acid hydrolysis for 6d old seedlings grown at agar plates with 3 different 
regimes of N in the presence of lOOmM sorbitol. 100%N, 1%N and 0.167%N are the percentages of N 
sources relative to Mursahige and Skoog (MS) formula. Results are shown as mean 士 standard deviation of 
3 independent pools of around 36 seedlings grown on the same agar plate /bar. The data were analyzed by 
GLM model of randomized complete block design and compared by Fisher's least-significant-difference 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2 Development of markers for nitrogen signaling events related to 
altered N status in 35S-ASN1 lines 
3.2.1 Sugar-induced anthocyanin levels as common morphological marker shared 
by 35S-ASN1 lines and PII transgenic lines 
To investigate the epistatic relationship between N status change in 35S-ASN1 lines 
and the putative N regulator PII, we need to find common morphological markers shared 
by 35S-ASN1 lines and PII transgenic lines. Anthocyanin levels were regarded as a 
potential candidate of such markers because abnormal anthocyanin levels were observed 
in Arabidopsis thaliana PII overexpressing lines supplemented with high sucrose and 
ImM gin previously (Hsieh 1998). To verify its maker role，the anthocyanin levels of lOd 
old seedlings of control lines (Col-o and 359-2C-8) and 35S-ASN1 lines (362-D2-d6, 
362-4E-21) under, the supply of high sucrose and different nitrogen sources were 
compared using experimental setting described previously (Hsieh 1998). Table 10 
summarized the results of anthocyanin and fresh weight measurement. In all experiments, 
3% sucrose was provided as high exogenous sucrose supply. With adequate nitrogen 
supply (20mM N H / ) , both control lines and 35S-ASN1 lines grew healthily, reflected by 
the doubling of fresh weight / seedlings (fig. 10b) compared to those with 0.5mM gin as 
the only N source (fig. 10a). As expected, the anthocyanin contents in these healthy 
seedlings were undetectable. Among different amount of gin (0 to 2mM) treatments, only 
0.5mM gin gave consistent and statistically significant results. Graphic presentation of 
one of the independent experiments under such condition was shown: 35S-ASN1 lines 
had higher fresh weight/ seedlings (fig. 10a), lower anthocyanin/ fresh weight (fig.9a) 
and lower anthocyanin/ seedling (fig. 9b). 
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Table 10: Summary of comparison of the anthocyanin content and fresh weight per 
seedling of lOd seedlings grown on different N sources and 3% sucrose. Each 
independent experiment includes 4 lines: Col-0, 359-2C-8 362-D2-d6 and 362-4E-21. 
Comparative studies: 35S-ASN1 lines vs control lines — 
Condition preshweight/seedlings indepen^nt Anthocyanin/ independent 
experiments freshweight experiment 
20mM NH4+ No significant difference 2 Not measurable 2 
362-4E-21 showed No significant 
consistently higher difference was 
s>mM nin value With Significant ^ shown for « 
g difference. 362-D2-C16 ^ 362-D2-d6. ^ 
showed inconsistent Inconsistent result 
results for 362-4E-21  
Inconsistent result. Both 
35S-ASN1 lines showed 
1mM gin higher value with 3 No significant 
significani difference in difference 
2 of experiments out of 
3 
Both 35S-ASN1 lines Lower value for 
ft showed higher value « both 35S-ASN1 ^ 0.5mM gin ... . . 3 ,. . 认 . 2 
® with significant lines with significant 
difference difference  
Both 35S-ASN1 lines 
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(a) 
Anthocyanin per freshweight with 0.5mM gin 
as only N source and high sucrose supply 
I ^ 15 r ^ • 丨 二 ： 丨 
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0.5mM gin 
(b) 
Anthocyanin per seedling with 0.5mM gin as 
only N source and high sucrose supply 
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Fig. 9: Graphs showing the anthocyanin content on (a) freshweight and (b) seedling basis of lOd old 
seedlings under 0.5mM glutamine and high sucrose supply (30g/L medium). Results are shown as mean 土 
standard deviation of 3-4 independent pools of 36 seedlings/ bar. The data was analyzed by one-way 
ANNOVA with LSD (fisher's least-significant-difference). *, ** and *** indicate that the corresponding 




Freshweight per seedling with 0.5mM gin as 
only N source and high sucrose supply 
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only N source and high sucrose supply 
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NH4+ 
Fig. 10: Graphs showing the fresh weight per seedling of lOd old seedlings grown under high sucrose 
supply (30g/L medium) and (a) 0.5mM glutamine/ (b) 20mM NH4+ . Results are shown as mean 士 standard 
deviation of 3-4 independent pools of (a) 36/ (b) 24 seedlings/bar. The data was analyzed by one-way 
ANNOVA with LSD (fisher's least-significant-difference). *•* indicates that the corresponding lines was 
grouped distinctly from both control lines with p-values less than 0.01. 
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3.2.2 Expression markers related to altered N status in 35-ASNl lines 
Analogous to sugar signaling, in vivo nitrogen status may play a signaling role in a 
wide gene expression network conducted by different signaling pathways. To prepare more 
comprehensive studies of N signaling involving N regulators besides PII, gene expression 
markers for featuring nitrogen signaling event were developed by comparing the expression 
profiles between 35S-ASN1 lines (362-D2-d6, 362-4E-21) and wild type (Col-0) at mRNA 
level. To this end, two approaches were adopted: (i) genome-wide analysis (i.e. without 
pre-selection) using selective subtractive hybridization, and (ii) target gene studies • by 
cloning previously identified candidate genes. 
Up till now, 106 clones from the selective subtractive hybridization (tester: 362-D2-d6, 
driver: Col-0) were sequenced and showed matched identities to mRNA species in A. 
thaliana sequence database. 71 of them are unique sequences, including genes related to 
nitrogen metabolism, carbon metabolism, secondary metabolism and signal transduction. 
Meanwhile, 34 genes with known functions in different categories (amino acid transport, 
cell division, nitrogen metabolism, carbon metabolism, circadian clock gene, flowering, 
senescence) (table. 13) were selected and specific regions of them were amplified. Most of 
them were cloned into plasmid to facilitate further analysis. 
Reverse dot-blot (see Materials and Methods) was employed as a preliminary screening 
method to examine the expression patterns of selected clones (all the preselected cDNA 
and 55 subtractive clones) in 35S-ASNl lines and the wild-type parent. Externally added 
p-lactamase (amp^) cRNA was used for normalization. There were 10 upregulated 
subtractive hybridization clones (fig. 11 and table 11), and 12 upregulated and 3 down 
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3.3 Generation of transgenic plants constitutively expressing ASNl and 
GLBl {qy ASNl and truncated GLBl) through crossing 
Epistatic relationship between altered N status in 35S-ASNl lines and GLBl can be 
figured out by correlating the phenotyping data with genealogical information. To 
generate genealogical information, four crosses were performed, including: 
(i) 362-4E-21 (35S-ASN1) x PII24-1T4 (PII overexpressing line, PII24 for brief) 
(ii) 362-4E-21 (35S-ASN1) x P1I1-13T3 (PII overexpressing line, Pill for brief) 
(iii) 362-4E-21 (35S-ASN1) x TPII3-6T2 (truncated PII overexpressing line, TPII3 for 
brief) 
(iv) 362-4E-21 (35S-ASN1) x TPII6-9T2 (truncated PII overexpressing line, TPII6 for 
brief) 
Successftil F1 progenies from the crosses should be hemizygous for both transgenes 
(genotype A-B-, A and B represent different transgenes) and therefore should give 
positive results for PCR amplification of both transgenes. Fig. 13 showed some of typic 
results of PCR screening, using gene specific primers described in 'Materials and 
Methods，and genomic DNA extracted from F1 progenies. Table 14 showed the number 
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Fig. 13: PGR screening of F1 crossing progenies. PGR products run on 2% (w/v) 
agarose gel stained with lOng/ul ethidium bromide and the photo were taken upon 
UV illumination and were negatively inverted for clearer illustration, (a) is the result 
of PGR using HMOL 932 and HMOL 1312 and (b) is the result of PGR using HMOL 
560 and HMOL 1312. The bands of llSObp, 921 bp and 551bp indicate the presence 
of transgenes ASNl, GLBl and truncated GLBl respectively. 
Table 14: Summary for the results of F1 crossing progenies screening. 
Type of cross number of successful F1 
362-4E-21 X Pill 4 (lines 1，5, 7，9) 
362-4E-21 XPII24 1 (line 2) 
362-4E-21 X TPII3 1 (line 4) 






Based on the Mendelian Law of Segregation, 1/4 of F2 progenies should be 
homozygous (AA) for a particular transgene and 1/2 should be hemizyous (A-). 
Assuming that the two transgenes are unlinked, by the Mendelian Law of Independent 
Assortment, there will be 9 different possible genotypes in F2 plants, in which only 1/16 
of them are AABB while 9/16 of them have at least one copy for both transgenes. If the 
transgenes are linked, the chance for AABB genotypes found in F2 will be lower than 
1/16. To obtain an AABB geneoptype in F3, F2 showing positive PGR screening for both 
transgenes were allowed to self-fertilized. Table 15 is the summary of the screening 
results for F2 progenies. 
Table 15.: Summary of the PGR screening results of F2. ‘ 
Type of cross number of successful F2 F2 chosen as parent lines 
o f F 3 
362-4E-21XPII1 16 #20, #26, #34, #36, #42， 
#46 
362-4E-21 X PII24 19 #4，#5，#6，#7，#8，#13 
362-4E-21 X TPII3 17 #3，#4，#7, #8，#10，#18 
-362-4E-21 X TPII6 20 #1,#6, #7, #8, #11, #12 
‘ S i x t e e n F3 seedlings from selfing of each F2 were analyzed for the presence of 
transgenes by PGR screening. If F2 has the genotype AAB- or A-BB, the frequency of 
negative results in PGR screening for one of transgenes in its F3 progenies will be 1/4 (i.e. 
4/16). All other F2 genotypes except the double homozygote will have a higher frequency 
of negative results than 1/4 in their F3 progenies. By setting the null hypothesis (Ho) that 







observed frequency of positive screening results for both transgenes in sixteen F3 is 
0.0434 (table 16). Using the critical value 0.05, the null hypothesis is rejected. Therefore, 
all 16 F3 progenies having positive results of both transgenes in PGR screening could be 
interpreted as homozygous crossing progenies for both transgenes. There were one line 
for 362-4E-21 X Pill (F2 line 34) and one line for 362-4E-21XTPII6 (F2 line 8) 
fulfilling the criteria stated above. 
Table 16: Chi-square test with Ho = F2 genotype is AAB- or A-BB. 
Expected 
Category Observed Chi-sqaure df p-value 
frequency ” 
Positive screening 
result for both 
16 12 
transgenes 
4.08 1 0.0434 
Negative screening 








3.4 Search for homologs of well-known microbial nitrogen signaling 
components in Arabidopsis thaliana 
Identification of the GLBl gene (encoding a Pll-like protein) (Hsieh 1998) 
strongly suggests that plants and microorganism may share some homologous 
ancestral mechanisms or components in nitrogen signalling. A DNA database search 
was performed to look for candidates of nitrogen regulators in Arabidopsis thaliana 
based on the findings in microorganisms. Targets of this search included members in 
yeast amino acid sensing system (GCN2, GCN4, GCNl and GCN20), the global . 
signal transducers (GATA family of transcriptional factors) in fungi, and the 
regulators of cyanobacteria nitrogen control (NtcA, IF-7 and IF-17). To justifying 
whether the candidates are the real homologs and/or functional analogs, a couple of 
web-based tools for data archive, sequence alignment, homology estimation, 
clustering and domain identification were employed. Brief introduction and references 
of these programs are available in table 6 in Chapter 2. Table 17 summarized the 
result and, in following paragraphs, the processes of verification of all successful 
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3.4.1 Homologs of yeast general amino acid control components 
3.4.1.1 Arabidopsis thaliana GCN2-like protein 
Entrez search interface at NCBI was used to search for yeast GCN2 homolog in 
A. thaliana. One sequence, CAB91611/At3g59410, was returned. CAB91611 was 
submitted by European Arabidopsis thaliana sequencing projects, annotated as 
"similarity to GCHl-Saccharomyces cerevisiae" in EMBI (European Molecular 
Biology Laboratory) database and classified as key kinase of intracellular 
communication with domains related to Histidyl-tRNA synthetase, double-stranded 
RNA-binding repeat homology and serine/threonine-specific protein kinase in 
MATDB (MIPS Arabidopsis thaliana database). In order to investigate whether A. 
thaliana GCN2-like protein is structurally or/and functionally related to yeast GCN2, 
its overall structure was examined by domain searching programs and multiple 
alignment programs, followed by detailed analysis of each available 
structural/function domains according to the previous characterization of yeast GCN2. 
(i) Overall similarity between yeast GCN2 and A. thaliana GCN2-like protein in 
terms of structure and sequence 
The overall structure of A. thaliana GCN2-like protein was analyzed by NCBI 
CDD (Conserved Domain Database)-search. The result indicated that there are a 
RWD (domain in RING finger and WD repeat containing proteins and DEXDc-like 
helicases subfamily related to UBCc domain) domain at N-terminal, kinase domain in 
internal segment and anti-codon binding domain at the C-terminal of A. thaliana 




Retrieval Tool) was employed to search for the protein groups showing similar 
architecture with A. thaliana GCN2-like protein. In the resulting list of protein groups, 
yeast GCN2 and CPC3 (a function homolog of GCN2 in Neurospora crassd), and 
GCN2 homologs in dictyostellium, mouse, drosophila are ranked within the top 3 (fig. 
15). The commonness in the structural organization between yeast GCN2 and A. 
thaliana GCN2-like protein was confirmed by locating the common functional 
domains in A. thaliana GCN2-like protein after the multiple alignment of amino acid 
sequences of two proteins performed by Multalin (fig. 16a). 
Pairwise alignment comparison using the Clustal W program, there is 21% 
sequence identity between yeast GCN2 and A. thaliana GCN2-like protein and 28% 
between CPC3 and A. thaliana GCN2-like protein. Using the same program, the 
sequence identities of the common functional domains between yeast GCN2 and A. 
thaliana GCN2-like protein were found: eIF2a kinase domain has the highest identity 
(37%), followed by HisRS-like domain (22%) (fig. 16b，c )• 
(ii) eIF2a kinase domain 
The relationship of kinase domain in the A. thaliana GCN2-like protein and 
eIF2a kinases was investigated using mouse cAMP-dependent protein kinase (cAPK) 
as an out-group. From the result of hierarchical clustering by Multalin, kinase domain 
of A. thaliana GCN2-like protein shows a close relationship with eIF2a kinases (fig. 
17a). By the Clustal W pairwise alignment, it has only 22% identity towards cAPK 
kinase domain but 31-37% identities towards kinase domains of eIF2a kinases (fig. 




Fig. 18 showed the result of multiple alignment of protein kinase domains of the 
eIF2a kinases by the Multalin program with some manual adjustments, and the 
characteristic features were highlighted (Ramirez 1992; Sattlegger 1998). It was 
noteworthy that: 
1. 11 subdomains (I-XI) of eukaryotic domains were all found in A. thaliana 
GCN2-like protein, exhibiting relatively high consensus levels to other eIF2a 
kinases. A. thaliana GCN2-like protein beared 12 out of 13 nearly invariant 
residues present in all serine-threonine protein kinases, indicated by the filled 
arrows. 
2. Insertions between domains IV and V，and domains VII and VIII are the unique 
features of eIF2a kinase and were found in the kinase domain of the A. thaliana 
GCN2-like protein. 
3. By sequence alignment and comparison, eIF2a kinases were grouped into a new 
branch cluster on the protein kinase phylogenetic tree with 11 conserved amino 
acid residues distinctive from most of the other protein kinases. A. thaliana 
GCN2-like protein shares 9 of them indicated by the filled stars. “ 
(iii) HisRS-like domain 
eIF2a kinases are divided into two groups: one with HisRS-like domain and one 
without, shown by tree presented in fig. 19. A. thaliana GCN2-like protein belongs to 
the former group. When comparing these HisRS-like domains among the eIF2a 
kinases and genuine HisRS sequences, A. thaliana GCN2-like protein is grouped into 
the cluster of eIF2a kinases, shown by the phenogram in fig. 20a. The pairwise 




20b. A. thaliana GCN2-like protein kinase domain has 18-22% identities towards the 
HisRS-like domains and 11-20% identities towards genuine HisRS sequences. To 
achieve a clearer picture for the relationship among these HisRS domain, detailed 
comparison focusing on the features of the functional HisRS sequences (Sattlegger 
1998) were carried out (fig. 21). HisRS like domains in yeast GCN2, CPC3 and A. 
thaliana GCN2-like protein: 
1. lack of the invariant Arg in motif3, which is related to ATP-binding; 
2. lack of "histidine A" and (R/K)G patch, which are needed for the catalytic 
activity; 
3. have high conservation in "histidine B" but lack of "histidine A" (see fig. 21); 
both are involved in His binding. 
(iv) N-terminal to kiiiase domain 
A. thaliana GCN2-like protein has a region (43-149 residues) showing a 
moderate (22%) and slight (9%) identities with CPC3 and yeast GCN2 CNT regions 
respectively (fig. 22b,c); there are two potential charged regions, positioning around 
1-40 and 210-260 residues of the A. thaliana GCN2-like protein, showing high 
polarity and negative hydrophobicity, though to a less extent compared to the charged 
region of yeast GCN2 (fig. 22a). Not being reported previously, the RWDs (the 
domain in RING finger, WD repeat containing proteins and DEXDc-iike helicases 
subfamily related to the UBCc domain) were found in yeast GCN2, CPC3 and A, 




3.4.1.2 Arabidopsis thaliana GCNl-like protein 
Atlg64790 may encode a protein candidate of Arabidopsis thaliana GCNl 
homolog based on the TAIR tblastx result and hereforth named as A. thaliana 
GCNl-like protein. To evaluate the homolog role of A. thaliana GCNl-like protein, a 
series of comparative studies were performed. By using the Clustal W program, A. 
thaliana GCNl-like protein showed similar identity towards yeast GCNl as human 
GCNl homolog (KIAA0219) did, with reference to both whole sequence and 
subdomain comparison (fig. 24a,b). Shown in the same figure, yeast GCNl, 
KIAA0219 and A. thaliana GCNl-like protein have central regions showing moderate 
similarities (20%-26% identities) with the N terminal of EF3. These EF3-like domains 
are closer to one another (44%-59% identities) than to the homologous regions in 
yeast EF3 proteins (fig. 25a) and form a branched out cluster in the phenogram (fig. 
25b). By aligning these high identity regions, G1444D in yeast GCNl was found to be 
invariant (fig. 24c). 
Besides EF3-like domains, residue 1819-2245 of the A. thaliana GCNl-like 
protein (387 residues C terminal to EF3-like domain) and residues 2063-2480 of 
HsGCNl homolog have 32 and 34% identities with the region D of yeast GCNl 
respectively, with conservation at Arg2259 (fig. 26) of yeast GCNl. 
3.4.1.3 Arabidopsis thaliana GCN20-like protein 
Based on the result of TAIR tBLASTx, proteins encoded by Atlg64550, 
.At5g60790, At3g54540, At5g09330 and At5g64840 were regarded as the candidates 





them have been annotated as ABC (ATP-binding cassette) transporter-like proteins in 
the MIPS Arabidopsis thaliana database. To examine the relative homology of A. 
thaliana GCN20-like proteins towards other arabidopsis ABC transporters and yeast 
GCN20，phylogenic trees based on whole amino acid sequences were generated by 
the Multalin program and their overall structures and functional domains were 
investigated by Plants? Feature Scan. At4g33460, At3gl3220, At4g25750 and 
At2gl3610 were ABC transporters found in the same tBLASTx search for GCN20 
homolog candidates but showed only little similarity towards yeast GCN20. They 
were selected here as representatives of Arabidopsis thaliana ABC transporters. A. 
thaliana GCN20-like proteins were found to be clustered with yeast GCN20, yeast 
EF3 proteins and yeast EF3 close relatives (fig. 27) and have similar structural 
organization with them (fig. 29). This cluster was named as the GCN20 cluster 
hereafter for convenience. In other words, A. thaliana GCN20-like proteins were 
distinct from o the r ' J . thaliana ABC transporters. The two obvious differences 
between A. thaliana GCN20-like proteins (and so the other members of the GCN20 
cluster) and other ABC transporters were that members in the former group have only 
one ABC transporter domain and no transmembrane domain while those in the latter 
group have two ABC transporter domains as well as potential transmembrane 
domains (except At4g33460) (fig. 29). 
To address whether ABC domains in the GCN20 cluster group are qualitatively 
distinct from those in the other arabidopsis ABC transporters besides the quantitative 
difference, comparative sequence analysis of the ABC domains were carried out (fig. 
30). For both their N terminal and C terminal ABC domains, Atlg64550, At3g54540 
and At5g60790 were found to be always clustered with yeast GCN20, which shows a 





consistent with the result of multiple alignment by Multalign shown in fig. 28，where 
• the high identity regions between A. thaliana GCN20-like proteins and yeast GCN20 
were overlapped in ABC domains. In the same alignments, only little similarity was 
shown at the N-termini. 
3.4.1.4 Plant eIF2a 
The prerequisite of the existence of eIF2a phosphorylation in plant is the 
presence of plant eIF2a, which had previously only reported in wheat (Benne 1980). 
tBlastx search using plant database identified three A. thaliana (At2g40290， 
AF353096 and At5g05470), one Zea mays (AY 103903) and one Oryza sativa 
(AC 118670) sequences that were possible candidates of yeast eIF2a homologs. Since 
only genomic sequence was available for O. sativa putative eIF2a, its protein 
sequence was predicted by the combination of Blast search result and the Genscan, 
Protein Machine and Translate programs. Aligning them with those in yeast, human 
and mouse indicated that they are homologous for the conserved sequence element 
with a specific phosphorylation site and a putative kinase docking site (fig. 31). 
Results from a CDD-search indicated that all of them have the SI-RNA binding 
domain (PF00575/SM00316) near the N-termini (fig. 31). This domains exit widely in 
RNA associated proteins, with the structure similar to cold shock protein that binds 
nucleic acids. Using the Clustal W program, A. thaliana putative eIF2a proteins have 
82-99% identities towards each other, 64-76% identities towards other plant putative 
eIF2a proteins, 49-52% identities towards yeast eIF2a and 44-46% identities towards 
mammalian eIF2a (fig. 32). • 




maize 0 2 and wheat SPA，the two transcriptional factors interacting GCN4-like motif 
(GLM) to activate transcription, in A. thaliana. By Multalign and CDD search, 3 
amino acid sequences are highly conserved within the bZIP domain (fig. 33). Pairwise 
alignments by Clust W showed that the plant sequences have moderate identities 
towards each other but only low overall similarity towards yeast GCN4 and CPC-1 
(fig. 34). 
3.4.1.5 Arabidopsis thaliana GCN4-CRE like sequences 
Although GCN4-like sequence is absent in the Arabidopsis thaliana genome, 
there are GCN4-CRE sequences found. GCN4-CRE is the GCN4 binding site and 
contained in upstream sequences of 235 (out of the 539) GCN4 target genes. Using 
the search criteria used by previous survey on the putative GCN4-CRE in genes of 
different crops (Muller and Knudsen 1993), GCN4-CRE like sequences (GLM) 
located within lOOObp of upstream sequences of A. thaliana genes related to nitrogen 
metabolism were found (table 18). The upstream sequences were retrieved by TAIR 














































































































































































































































































































































































































































































































































































































































































































































































































3.4.2 Homologs of fungi nitrogen sensing components: Globally 
acting factor in nitrogen control in fungi 
Atg45170, At3g54810, At2g45000 and At3g24050, the Arabidopsis thaliana 
candidates of fungi globally acting factor homolog selected through tblastx of NCBI 
and TAIR, were compared with different fungi GATA transcriptional factors: these 
candidates showed a more distal relationship with the globally acting factors than the 
GATA factors unrelated to nitrogen control (fig. 35). In the sequence alignment result, 
the DNA-binding domains were highly conserved for the globally acting factors (fig. 
36) but such conservation could not be observed when A. thaliana candidates were 
added to the comparison (fig. 37). Within this region, the leucine reside for correct 
promoter recognition was only preserved in At3g45170 (fig. 37). Above analysis does 
not support for the homolog roles of these A. thaliana sequences. 
3.4.3 Homologs of cyanobacteria nitrogen control components: IF7 
& IF17 (Negative regulators of GS activity) 
Atlg60110 was the homolog candidate of IF7 selected through tBlastx of NCBI. 
IFA is homolog of IF7 and IF 17 in Anabaena sp. PCC7120 and it showed a high 
identity towards IF7 and IF 17, as shown in the fig. 38a. When Atlg60110 was added 
to the alignment, the amount of consensus residues reduced (fig. 38b). From the radial 
tree diagram (fig. 39)，it was hardly possible to conclude that Alg60110 was 
evolutionarily closed to IF7 and IF 17. 
To conclude, candidates of yeast GCN2, GCNl, GCN20, eIF2a and GCN4-CRE 





and available insertional lines related to nitrogen signalling in A. thaliana was listed 
in Table "19. 
Table 19.-EST clones and available insertional lines for the Arabidopsis thaliana 
homologs of yeast amino acid control. 
Homolog class gene code EST clones insertional lines 
(if available) 
GCN2-like At3g59410 AV543262 MET_3.57.02.23.99.b. 
protein (gene size: but no sequence information given 
9577) 
GCNl-like Atlg64790 AI999637; AV521772; GABIKAT-FST: • 
protein (gene size: AV547214; AV548424; GK-128H12-012669 





' within coding region 
6520-6808: 95% identity 
GCN20-like Atlg64550 AI997714; AV538783; GABIKAT-FST: 
protein (gene size: AV538086; AV550234; GK-188G03-01462Q 
5520bp) AV551101; AV782369 within coding region 
2533-2694: 98% identity 
- GABIKAT-FST: 
GK-188G03-014624 
within coding region 
‘ 2499-2692: 95% identity 
At5g60790 AI995098; W43226; N/A 
• (gene size: 'T04469; W43471; H37746; 





At3g54540 AV524208; AV525354; GABIKAT-FST: ‘ 
(gene size: AV530064; AV549109; GK-217G12-014142 
3172bp) AV790946; AV793365; across the 5' leader sequence and 
AV793120; AV792657; coding region 




2879-2965: 96% identity 
Insert SALK:04002R 
(Corresponding seed stocks: N540028) 
3’ trailer sequence 
2758-3134: 100%identity ‘ 
At5g09330 AI998507; AV531342; Insert S A L K : 0 6 ^ 
(gene size: AV546833; AV564907; (Corresponding seed stocks: N565302) 
3086) AV564600; AV785535; across the 5’ leader sequence and 
AV792045; coding region 
348-617: 98% identity 
Insert SALK:029696 
‘ (Corresponding seed stocks: N529696) 
within coding region 
2230-2551: 99% identity 
At5g64840 AF162848; AI997681; G A B I K A T - F ^ “ 
(gene size: Z17499; Z24504; Z18179; GK-069E09-011759 
3738bp) Z35355; AV518846; within coding region 
‘ AV521833; AV531392; 614-706:82% identity 
AV566760; AV566114; GABIKAT-FST^ ‘ 
GK-029E09-011559 
‘ within coding region 
614-686: 87% identity but 23bp out  
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Fig. 29: Gross structure and functional domains of yeast {Saccharomyces cerevisiae) 
EF3B and its close relative ORF YPL226w, putative Arabidopsis thaliana ABC 
transporters (At2g13610, At3g13220, At4g25750 and At4g33460), yeast (S. 
. cerevisiae) GCN20, A. thaliana GCN20-like proteins (At5g64840, At1g64550, 


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 4 Discussion 
4.1 Differential physiological and morphological behaviours found in 
the comparative studies between control lines and 35S-ASN1 lines 
Beyond its direct effect on amino acid and N content, overexpression of ASNl 
enhanced growth and reduced sugar level of 6 day-old seedlings under particular N 
and C regimes. 
4.1.1 In planta promotive effect of ASNl overexpression on the seedlings growth 
under low nitrogen and in the absence of exogenous applied metabolizable sugar 
Seedling establishment is a critical but delicate and sensitive process, requiring 
proper integration of metabolic and developmental programs (Eastmond and Graham 
2001; Martin et al. 2002). Nitrogen and sugar, which are superimposed by the 
remobilization rate and the availability of external resources, are known to be the key 
regulators of these programs. The effects of nitrogen and sugar are not independent 
but highly related: low nitrogen and high sugar levels exert similar and additive 
inhibitory effect over growth and remobilization meanwhile low nitrogen results in 
increase of endogenous sugar (Martin et al. 2002). In this work, we demonstrated the 
in planta promotive effect of ASNl overexpression on the seedlings growth under 
1%N and lOOmM sorbitol regime through fresh weight measurement and 
morphological observation. 




morphology were observed in the absence of metabolizable sugar. This might be 
attributed to the dominating effect of exogenous applied sucrose, a metabolizable 
sugar, over those of nitrogen status change exerted by ASNl overexpression. 
Alternatively, the difference of fresh weight per seedlings might be contributed by the 
indirect effect of N status change on sugar levels; however, such coupled sugar level 
difference became physiologically insignificant under the high exogenous sugar 
supply. The former explanation is supported by the inhibitory effect of sucrose on 
seedling growth observed by previously (Martin et al. 2002) and in this work, and 
also the similar reducing sugar levels for control lines and 35S-ASN1 lines at both-
before and after hydrolysis under 1%N and lOOmM sorbitol condition. Therefore, it is 
likely for the enhancement of nitrogen status alone in 35S-ASN1 lines conferring to 
the reported growth difference. 
4.1.2 Modulation of sugar level in 35S-ASN1 lines 
Nitrogen assimilation and carbohydrate biosynthesis are highly inter-related in 
plant: while competing for same pool of C-skeleton, ATP and reductant generated 
from photosynthesis, glycolysis and respiration, they also provide fundamental 
elements to each other (Paul and Driscoll 1997; Noctor and Foyer 2000; Paul and 
Foyer 2001). Change in nitrogen level can cause imbalance in this complex 
sink-source relationship. Mediated by unknown signal for such imbalance, deficiency 
of N induces an increase of hexose content and vice versa (Paul and Driscoll 1997). It 
has been suggested that the physiological consequences of the imbalance, including 
photosynthesis repression, Rubisco remobilization and lipid remobilization, are 
mediated by high C: N ratio rather than carbohydrate or nitrogen alone (Paul and 
Driscoll 1997; Paul and Foyer 2001; Martin et al. 2002). In agreement with these 
126 ‘ 
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findings, enhancement in in vivo N status by ASNl overexpression resulted in the 
lowered reducing sugar content under 1%N and lOOmM sucrose regime for 6d old 
seedlings, indicating that there might be a disturbance of sink-source equilibrium of N 
and C metabolism in 35S-ASNl lines. 
I 
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4.2 Development of morphological marker and gene expression 
markers 
4.2.1 Anthocyanin accumulation as a morphological marker for epistatic analysis 
Anthocyanin production in vegetative tissue is regulated by multiple 
external and internal factors, including different kinds of stress and nutrient levels 
(Mol et al. 1996). Particularly, high sucrose and N starvation induces anthocyanin 
accumulation, which could be relieved by the application of external nitrogen source . 
(Hsieh et al 1998). In concert with this repressive effect of N on anthocyanin 
accumulation, lower levels of anthocyanin were observed in 35S-ASN1 lines, which 
have the N status enhanced, under high C and low N (0.5mM gin) conditions in this 
work. Therefore, it is likely that the enhanced N status in 35S-ASN1 lines is the signal 
which brings to the lower levels of anthocyanin (fig. 40a). However, the possibility 
that the reduced anthocyanin level might be simply a coupling effect of the less 
stressful status found in 35SASN1 lines compared to control lines, as is reflected by 
their higher fresh weight per seedling under 0.5mM gin and high sucrose condition, 
'cannot be ruled out. 
‘Arabidopsis thaliana Pll-like protein, which is proposed to be N regulator, is 
also related to anthocyanin accumulation. Partial impairment in relieving 
sugar-induced anthocyanin accumulation in the presence of external lmM-3mM gin 
was found in PII overexpressing lines, suggesting the possible positive regulatory role 
of PII in anthocyanin biosynthesis (Hsieh et al 1998) (fig. 40b). Altogether, we 
.. speculate that PII and overexpression of ASNl may influence the anthocyanin 
metabolism by acting on the same regulatory pathway, in which PII acts as a 
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downstream positive regulator of anthocyanin biosynthesis while enhanced N status 
caused by ASNl overexpression acts as an upstream signal repressing PII functioning 
(fig. 40d). Such repression may occur at transcriptional level (Hsieh et al. 1998) 
or/and post-translational level (Wong 2001). Alternatively, overexpression of ASNl 
and PII may influence anthocyanin accumulation through independent pathways (fig. 
40c). 





(c) ASN1 (d) ASNl 
overexpression p 丨丨 overexpression 
- I I i 
+N / —_ 
l . l 1 
Anthocyanin Anthocyanin 
accumulation accumulation 
Fig. 40. Flow charts showing the relationship between ASNl overexpression, 
enhanced N, PII and anthocyanin accumulation, (c) and (d) depict parallel and 
• sequential relationships between ASNl overexpression and PII respectively. 
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To recover the truth, epistatic analysis will help. Epistasis analysis functions 
to elucidate the relationship between two units: factors 1 and 2. Here we define factor 
1 as overexpression of ASNl and factor 2 as overexpression of GLBl. To carry out 
such analysis, genotypes containing different combination of factors are required: 
1. presence of individual factor alone ("1 only" and “2 only" in fig. 41), which are 
represented by ASNl overexpressing lines and PII overexpressing lines 
respectively; 
2. absence of both factors ("none" in fig. 41)，which are represented by wild-t>pe 
and vector alone control; • 
3. presence of both factors ("1 & 2” in fig. 41)，which are represented by the 
crossing progeny with homozygosity of both transgenes generated in this work 
(#34). 
Reaction norm views of epistasis, which illustrate how different genotypes react 
to the same environment conditions (Brodie III 2000), are presented below to 
demonstrate two possible results of such analysis (fig. 41): 
本 
i k 
Anthocyanin level ~ 
under high external 2 o n l y 2 o n l y 
“ sucrose supply and 35S-PII f o - A O 
low level of gin ^ ^ Native PII V J Native PII 
Native PII ^ ^ Native PII 
1 o n l y 1 o n l y 
35S-ASN1 AO… 35S-ASN1 Native ASN1 
Native ASN1 Native ASm Native ASN 1 
Same slopes: no epistasis between factors Different slopes: epistasis between factors 
(one of them totally suppresses the other) 
a. Parallel relat ionship between ASN1 b. Sequential re lat ionship between ASN1 
overexpress ion and PII overexpress ion and PII 
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Fig. 41: Reaction norm views of epistasis. 1: overexpression of ASN1\ 2: 
overexpression of GLBl. 
If anthocyanin level of “1 & 2” is the intermediate between " lonly" and "2only", 
then factor 1 and factor 2 work independently, i.e. parallel relationship. If the 
anthocyanin level of "1 & 2” is similar to "2 only", then factor 2 is the downstream 
component of factor 1，i.e. sequential relationship. 
4.2.2 Differential expressed genes as candidates for gene expression markers of. 
nitrogen signalling event 
Differential expressed genes found in the comparative studies of the expression 
profiles of 35S-ASN1 lines and wild-type belong to a wide range of gene categories, 
including carbon metabolism (e.g. succinyl-CoA-ligase beta subunit), nitrogen 
metabolism (e.g. NADH-GOGAT), cell cycle control (e.g. CycD3), signal 
transduction (e.g. putative ser-thr protein kinase) and circadian rhythm (e.g CCAl). 
These preliminary results favor our hypothesis on the signalling role of nitrogen by 
-showing that the alternation of in vivo N status causes a disturbance in metabolic and 
developmental network. Besides verifying the observed differential expression by 
more reliable method like Northern analysis, the possibility of these differentially 
expressed genes used as molecular markers of nitrogen signalling events should be 
evaluated because they can be resulted from a series of end-product regulations, or 
caused by the differential developmental pace, rather than mediated by nitrogen 
signalling events. One method for such evaluation is to examine whether these marker 
candidates also have their expression altered in those transgenic plants or mutants 
with changed expression level of the potential nitrogen regulators like PII and GCN2. 
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4.3 Arabidopsis homolog search for well-known microbial signalling 
components 
Previous success in finding homologs of the well-known signalling components 
in plant was achieved by time-consuming work and great luck in addition to the good 
scientific sense: the full length of glutamate receptor in plant was cloned based on the 
sequence of C terminal fragment identified by database search while caster bean PII 
was found from the result of random sequencing of library with the intention of 
finding not amino acid but oil metabolism related genes (personal communication, 
with Dr. H. M. Lam). By the advent of the genomic era, the Arabidopsis genome 
project completion allows us to search for the whole sequence for homolog candidates 
through simple but comprehensive sequence database hunting. The availability of 
Arabidopsis insertional T-DNA/ transposable element lines (for gene knock-out) and 
enhancer lines (for gene knock-up) collections, RNA interference technique (for 
underexpression) and the mature Arabidopsis transformation protocol dramatically 
speeds up the functional test for these candidates through pursuing reverse genetics. 
In this work, efforts has been paid to identify more candidates of plant nitrogen 
“sensing components not only by mining the precious information provided by 
previous studies in the micro-organism nitrogen signalling systems but also exploiting 
the rich genome information available for the model plant Arabidopsis thaliana. 
4.3.1 Possible amino acid sensing system in arabidopsis constructed by homologs 
of yeast GCN2, GCNl, GCN20 and eIF2a 
4.3.1.1 Arabidopsis GCN2-like (A. thaliana GCN2-like) protein 
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Sequence of A. thaliana GCN2-like protein (accession no. 
CAB91611 /At2g59410) has been submitted to Genbank and annotated as "similarity 
to GCN2 - Saccharomyces cerevisiae”. In this work, an array of detailed sequence 
analyses has been employed to dissect its biological functional context regarding its 
possible role of being yeast GCN2 structural and functional homolog. 
Overall and subdomain similarities of A. thaliana GCN2-like protein and yeast 
GCN2 are less than those of yeast GCN2 and Neurospora. crassa CPC3 (the 
functional homolog of GCN2). Yeast GCN2 N terminal only shows little homology 
with those of A. thaliana GCN2-like protein while its C terminal ribosomal 
association domain is totally missing in A. thaliana GCN2-like protein. Nonetheless, 
the conservation of overall organization and the presence of conserved residues and 
subdomains in translation initiation factor (elF) 2a kinase domain and histidyl-tRNA 
synthetase (HiskS)-related sequences strongly imply that A. thaliana GCN2-like 
protein and yeast GCN2 may share some similar properties and interactions. Below is 
the in depth examination for the homology within domains: 
“(i) eIF2a kinase domain 
- We propose that A. thaliana GCN2-like is a new member of the eIF2a kinase 
cluster found in higher plant.. 
‘ Using kinase domain of Mus musculus cAMP-dependent protein kinase (cAPK) 
as an outgroup, kinase domain of A. thaliana GCN2 is clustered to those of eIF2a 
.. kinases and has 31 to 37% similarities towards them. Besides the overall similarity, 
detailed comparison based on previous characterization of eukaryotic kinase and 
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eIF2a kinase domains (Ramirez et al 1992; Sattlegger et al. 1998) respecting to 
conserved domains, invariant residues and characteristic insertions has given us more 
concrete evidences for the intimate relationship between kinase domain of A. thaliana 
GCN2-like protein and those of eIF2a kinases, leading us to propose that A. thaliana 
GCN2-like protein is a possible candidate of serine-threonine kinase sharing the most 
of common features of other eIF2a kinase 
(ii) HisRS-like domain 
The hypothesis that GCN2 kinase is activated by uncharged tRNA during amino 
acid starvation is based partly on the fact that HisRS homologous region is located 
immediately C-terminal to the kinase domain (Ramirez et al. 1992). Such 
juxtaposition is found in A. thaliana GCN2 but not in mammalian HRI and PKR, 
which are the elF2a kinases that lack of HisRS homologus region and are known to 
response to stress rather than amino acid starvation (Sood et al. 2000). By undergoing 
comparative analysis of the HisRS region in genuine HisRS sequence and HisRS-like 
domains in yeast GCN2 and its homologs, it is found that that in A. thaliana 
‘GCN2-like protein differs and accords the conserved motifs and residue found in 
genuine HisRS sequences in the same way as yeast GCN2 and CPC3 do. Such 
consistent features in HisRS-like domains of yeast GCN2 and its homologs invite the 
speculation for the role of uncharged tRNA as an activating ligand rather than its 
substrate (Sattlegger et al 1998; Sood et al. 2000) (Garcia-Barrio et al 2000). 
Therefore, HisRS-like domain of A. thaliana GCN2-like protein interacts with 




� (iii) N-terminal to kinase domain 
In yeast GCN2's N terminal to the kinase domain, there are highly conserved 
N-terminal (CNT), charged region (+/-) and pseudokinase domain ( 0 K ) . CNT 
(10-109 residues), and charged region (110-235 residues) are crucial for physical 
interacting with GCN1/GCN20 complex while (pK are of essential but unknown 
function (Garcia-Barrio 2000). 
Although A. thaliana GCN2-like protein N-terminal region bears much less 
similarity towards yeast GCN2 than its eIF2a kinase domain and HisRS-like domain 
(fig. 16) do, some unique features of yeast GCN2 N-terminal can be still found in A. 
thaliana GCN2-like protein. This includes the region with slight to moderate 
homology to the CNT regions in yeast GCN2 and CPC3 respectively, and two 
putative positive charged regions. In addition to these characterized features of yeast 
GCN2 N-temiinal, by NCBI CDD search function, there are RWDs (the domain in 
RING finger, WD repeat containing proteins and DEXDc-like helicases subfamily 
related to the UBCc domain) found in yeast GCN2, CPC-3 and A. thaliana 
-GCN2-like protein. Based on the information in SMART, RWD can be found only in 
a few proteins (3-5) in each of these well-characterized species and it presents solely 
in the Eukaryota, implying RWD may confer conserved and unique function to these 
proteins. . 
Therefore, the possibility for the low homology N terminal of A. thaliana 
GCN2-like protein performing similar function as yeast GCN2 N terminal should not 
be ruled out. 
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(iv) C-terminal ribosomal association domain 
At C-terminal, A. thaliana GCN2-like protein is ended with the eIF2a kinase 
domain, not with the C-terminal ribosomal association domain as that in yeast. 
C-terminal ribosomal association domain is proposed for ribosome binding and 
dimerization. Ribosome binding ability of AtGCN2 enhances its kinase activity by 
facilitating the access of its substrate, eIF2-substrate and regulatory ligands, 
uncharged tRNA (Zhu and Wek 1998). Therefore, A. thaliana GCN2-like protein may 
have different quaternary structure and relationship with ribosome with reference to 
yeast GCN2. 
4.3.1.2 Arabidopsis GCNl-like (A. thaliana GCNl-like) & GCN20-like (A. thaliana 
GCNl-like) proteins 
In yeast, GCN1/GCN20 complex acts as the trans-acting positive effector and is 
required for GCN2 activation in response to amino acid starvation but not for GCN2 
kinase activity. GCNl resembles translation elongation 3 (EF3) in the region located 
-at N-terminal of the ABC (ATP-binding cassette) domains of EF3 while GCN20 
belongs to ATP-binding cassette superfamily proteins with its ABC domain more 
similar to those in EF3 than to other ABC proteins (Marton et al. 1997; Garcia-Barrio 
et a l 2000). Taken together with the fact that GCNl and GCN20 interact physically 
and associate with polysomes, it was considered that GCN1/GCN20 complex may 
facilitate the uncharged tRNA stimulation of GCN2 through EF3 related function 
(Marton et al 1997): GCN1/GCN20 complex enhances the transfer of uncharged 
. tRNA bound to the ribosomal A site to the HistRNA synthetase-related domain of 





By investigating the cffect of deleted version of GCNl protein in gcnl null 
mutant, it was found that at least 90% of 2672 amino acids of GCNl are required in 
its regulatory function on GCN2. EF3-like domain alone suffices for the GCN20 
interaction (Marton et al. 1997), 3/4 of N terminal of GCNl, including EF3-like 
domain, is responsible for ribosomal association and residues 2052-2428 (region D) 
are needed for GCN2 binding (Sattlegger and Hinnebusch 2000). . 
Like yeast GCNl, human GCNl homolog (KIAA0219) and A. thaliana 
GCNl-like protein (Atlg64790) have their central regions showing moderate 
similarities with the N terminal of EF3. These EF3-like domains branch out to form a 
cluster with an invariant gly residue (G1444D in yeast GCNl) which cannot be found 
in the yeast EF3 proteins. A single mutation in this characteristic residue in yeast 
GCNl caused complete defect for complex formation with GCN20 (Marton et al. 
1997). All of these features indicate that these EF3-like domains may serve for the 
-parallel function and are evolutionarily related. 
- In addition to EF3-like domains, similar to KIAA0219, A. thaliana GCNl-like 
protein bears a region similar to the region D of yeast GCNl, with a conserved 
residue at Arg2259, in which mutation impaired the in vivo and in vitro interaction 
- between GCN2 and GCNl and thus the regulatory function of GCN2 (Sattlegger and 
Hinnebusch 2000). Here I propose that homologous region D in A. thaliana 




To sum up, the fact that A. thaliana GCNl-like protein resembles yeast GCNl in 
bearing EF3-like domain and homologous region D, and conserving two functionally 
critical residues, suggesting that A. thaliana GCNl-like protein may perform EF3 
related function and interact with A. thaliana GCN2-like protein and A. thaliana 
GCN20-like protein. Whether the C terminal of A. thaliana GCNl-like, which shows 
only low homology with those of yeast GCNl, can associate with ribosome or not is 
unclear. 
(ii) GCN20 
In contrast to GCNl, only between residue 4 to 118 out of a total of 752 amino 
acids of GCN20 is significant for its regulatory function on GCN2 and interaction 
with GCNl. AB'C domains of GCN20 are dispensable for mediating the derepression 
of GCN4 under amino acid starvation, though it enhances the stable association of 
GCNl with ribosome in the presence of ATP in vitro. It was proposed that ABC 
domains is required for the recycling between ribosome-free and ribosome-associated 
'form of GCN1/GCN20, which may be important for achieving the high level of 
GCN2 activity during more severe amino acid conditions and other stresses (Marton 
et al, 1997). 
Though annotated as ABC (ATP-binding cassette) transporter-like proteins by 
MIPS, the candidates of yeast GCN20 homologs are distal from other Arabidopsis 
ABC transporters in terms of both overall structures and sequence similarities but 
‘ forms a distinct cluster (called this cluster as GCN20 cluster for convenience) with 




difference in the number of ABC transporter domains and comparative sequence 
analysis of the ABC transporter domains, we conclude that ABC transporter domains 
of GCN20 cluster are likely to be evolutionarily and functionally conserved. 
Despite these similarities, N terminal of Arabidopsis GCN20 homolog 
candidates is largely different from that of yeast GCN20, including the residue 4 to 
118, raising a question about its ability to interact with GCNl protein and regulate 
GCN2. Either the mode of interaction among Arabidopsis GCNl, GCN2 and GCN20 
homologs differs from those in the yeast, or Arabidopsis GCN20 homologs are totally, 
unrelated to the amino acid sensing system. 
4.3.1.3 Plant eIF2a phosphorylation pathway 
The above 'discussion has proposed that, homologous to the yeast system, A. 
thaliana GCN2-like protein is a HisRS-like domain containing eIF2a kinase that 
may be capable of perceiving the level of uncharged tRNA and being regulated by A. 
thaliana GCNl-like protein, perhaps also A. thaliana GCN20-like proteins. Such 
“notion has led a question: will A. thaliana GCN2-like protein also phosphorylate 
eIF2a like in yeast? It is unclear whether the translational control through the eIF2a 
phosphorylation pathway, which has been well documented as an important 
mechanism for cell homeostasis in response to stress in mammals and yeasts, exists in 
plant (Chang et al 1999). However, convincing indirect evidences for the operation of 
this pathway in plant have been given by demonstrating the functional equivalence 
between wheat eIF2a and yeast eIF2a regarding to the specific phosphorylation 
activity at Ser 51 by eukaryotic eIF2a kinases (Chang et al 1999), and the functional 
complementation by wheat eIF2a in yeast GCN2-mediated pathway in yeast eIF2a 
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null mutant (Chang et al 2000). 
Like that reported in the wheat eIF2a (Chang et al 1999)，all the plant putative 
eIF2a sequences found by NCBI tBlastx search were found to have the highly 
conserved sequence element with the specific eIF2a kinase phosphorylation site (Ser 
51) and conserved putative kinase docking site, in additional to the high overall 
sequence similarities (45-52% identities). 
The specific phosphorylation activity of the wheat plant-encoded, 
double-stranded RNA-dependent kinase (pPKR) has been verified by the in vitro 
phosphorylation experiment (Chang et al. 1999). Nevertheless, pPKR is stimulated by 
plant virus or viroid infection rather than amino acid starvation and was classified as 
an anolog of the mammalian PKR enzymes (Langland et al. 1995). 
4.3.1.4 GCN4 related transcriptional factors and GCN4-like motif (GLM) cw-element 
in plants 
“ An endosperm specific bZIP 0 2 (encoded by Opaqiie-2 gene) of maize, which is 
responsible for the transactivation of 22-kD or alpha-class of zeins synthesis and 
seed-specific expression of in transgenic tobacco plants (Albani et al 1997), has been 
speculated for sharing similar function and regulation with its structural counterpart in 
yeast, GCN4. 0 2 has been found to have GCN4-like motif (Holdsworth et al 1995) 
- and GCN4-CRE (Mauri et al 1993) as the binding sites in plants and in yeast 
respectively. Expressing 0 2 could functionally complement the yeast GCN4 null 
. mutant (Mauri et al. 1993) and the presence of GCN4 is possibly required for the 
transcriptional activation of 0 2 of GLM transient assay in yeast system (Holdsworth 
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et al. 1995). In common with GCN4, 0 2 was proposed to be subjected to translational 
control exerted by the translational uORF-mediated inhibition, which is rare in 
eukaryotic system (Lohmer et al. 1993). Though mutant of GCN4 and 0 2 showed 
opposite effect on free amino acid accumulation, 0 2 is correlated to amino acid 
biosynthesis through its influence on a number of enzymes involving in amino acid 
biosynthesis (e.g. Asp kinase) and degradation (e.g Lys ketoglutarate 
reductase-saccaropine dehydrogenase), and carbon metabolism (e.g. cytosolic 
pyruvate phosphate dikinase) (Wang and Larkins 2001). Besides 02 , there were 
others transcriptional factors, including wheat SPA (storage protein activator), found 
to be binding to GLM (Albani et al. 1997). Attempts to find GCN4 Arabidopsis 
homolog has been failed but there was a bZJP transcription factor (At5g28770 
/AF310224) grouped into the superfamily "seed storage protein opaque-2" by the 
automatically derived PIR superfamily at PEDANT analysis provided by MAtDB. 
However, high Homology region mainly localized within the bZIP domain. 
In Arabidopsis, ATRl is a positive regulator of ASAl (the major gene encoding 
anthranilate synthase in tryptophan pathway) and has 400bp 5' leader region 
“containing 3 short ORFs upstream to atrl ORE It has been proposed that ATRl may 
be under translational control in response to environmental signals like those in yeast 
GCN4 (Bender and Fink 1998). 
GCN4-like motif (GLM) cis elements have been found in plant genes of both 
monocot and dicot, especially those taking part in nitrogen metabolism and storage 
protein genes (Muller and Knudsen 1993), and several of them have been proved to 
be functional (Muller and Knudsen 1993; Albani et al 1997; Judith et al 1998). 
However, only one of them, to date, has been correlated to the nitrogen 
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responsiveness: GLM in barely C-hordein promoter largely confers for both 
up-regulation and down-regulation • under high N regime and low N regime, 
respectively (Muller and Knudsen 1993). Besides fungi and plants, GLM sequences 
exist in human also (Muller and Knudsen 1993; Albani et al 1997). 
In this work, an initial attempt has been worked out to search for any GLM 
sequences occurring at the upstream sequences of genes related nitrogen metabolism. 
Some candidates have been found but whether they are function or not will remain 
uncertain. 
4.3.1.5 Implication of the presence of plant homologs of fungi regulatory proteins 
involved in the general control of amino acid biosynthesis 
In fungi, amino acid biosynthesis pathways are regulated by both pathway 
specific and cross-pathway/general control. One of well-documented demonstrations 
of the general amino acid control has been reported in yeast, in which starvation of 
any one of amino acids can result in transcriptional activation of genes in every amino 
‘acid biosynthetic pathway (except Cys) and genes encoding amino acid precursors 
through the translational de-repression of a master transcriptional factor GCN4 
(Hinnebusch 1992). 
In plants, feedback inhibition is a prevalent mechanism to control specific amino 
acid pathways (Zhao et al. 1998). For example, Lys alone, Thr only or synergistically 
by Lys and SAM can inhibit the activity of AK (aspartate kinase), which is the first 
enzyme committed in the multi-branched pathway leading to synthesis of Lys, Thr, 




uncertain. Similar to His-starvation induced gene expression in yeast, addition of a 
specific mechanism-based inhibitor of histidine biosynthesis, IRL1803, induces the 
expression of an array of amino acid biosynthetic genes in metabolically unlinked 
pathways (Guyer et al. 1995). However, such a widespread induction of amino acid 
biosynthesis enzymes is not likely to be a general rule for the starvation of any amino 
acid. Starvation of Met (by addition of Lys and Thr), aromatic amino acids (by 
addition of glyphosate) and branched-chain amino acids (by addition of chlorsulfuron) 
induce the expression of Tip biosynthetic enzymes and stress inducible enzymes, 
CHS (chalcone synthase) and GST (glutathione S-transferase), but not MTS. 
(methionine synthease) and ALS (acetolactate synthase) (Zhao et al. 1998). It was 
speculated that the previous findings under His-starvation could be attributed by 
pathway-specific regulation and stress-induced response alone, without functioning of 
any cross-pathway regulation in amino acid biosynthesis. 
Here, our finding on Arabidopsis homologs of yeast GCN2，GCNl and GCN20, 
together with the existence of mammalian and Drosophila homologs (Olsen et al. 
1998; Sood et al, 2000), implicates that the general control of amino acid biosynthesis 
‘in fungi might be evolved from an ancestral mechanism which existed before the 
divergence of different lineages of Eukaryota. This speculation is further supported by 
the recent pronouncement about the essential role of the mammalian GCN2 
eIF2akinase in in vivo adaptation to amino acid deprivation and ex vivo induction of 
eIF2a phosphorylation in cultured cells and liver tissue deprived of leucine based on 
- the studies of Gcn2(-/-) knockout strain of mice (Zhang et al. 2002). Taken all 
together, I, therefore, put forward the possibility for functioning of similar amino acid 
control in plants. Acceptance of this hypothesis will require the comparison between 
the wild type and loss-or-gain of fiinction mutant/transgenic plants for the amino acid 
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biosynthetic gene expression and phosphorylation level of eTF2a under amino acid 
starvation. However, the presence of HisRS-like domains in A. thaliana GCN2-like 
protein and others well-conserved residues do suggest that similar amino acid sensing 
mechanism may operate in plant, though the range of its sensing targets and 
subsequent effects need not be as broad as those in fungi. Recently, extensive 
microarray analysis experiments indicated that translational de-repression of GCN4 
may be one of integrating points for DNA damage induced stress signal and amino 
acid starvation signal in yeast (Natarajan et al. 2001). It is hardly surprising that 
amino acid biosynthesis in plants may have even more intimate relationship with 
stress physiology, given that they are linked to the production of secondary products 
including growth regulators involved in defense mechanisms and environmental 
responses in plants, not in microbes (Zhao et al. 1998). 
4.3.2 Failure in identifying homologs of nitrogen regulators responsible for 
switching of nitrogen source in Arabidopsis 
Adapting to the fluctuating environment, microbes are characterized with the 
‘high metabolic versatility, which allows them to give out remarkable prompt response 
to the changes in resource availability by switching on and off among a number of 
alternative central and peripheral pathways (Andrews 1991). Nitrogen control in 
microbes is one of illustrative examples for this phenomenon (Merrick and Edwards 
1995; Marzluf 1997; Herreo et al. 2001). 
On the contrary, most plants grow on soil and obtain N by taking NH4+ and NO3' 
from the soil solution through root system (Sumner 2000). These two major plant 





towards internal N status and diumal regulation (Glass et al. 2002). Therefore, 
adaptive advantage of nitrogen control system for switching among different N 
assimilation pathways is unlikely to be possessed by plant. This may explain the 




4,4 Overview of research platform construction 
Signalling is just like a black box that ”/e cannot see-through. To reveal the 
inside content of this black box is not a one-step process but a long journey requiring 
careful experimental designs and combined effort. As a pioneer study of plant N 
signalling, this work aims at preparing research platfcrm which helps in directing the 
future N signalling research, rather than partially resolving the problem by looking at 
a tiny detailed part of the huge iceberg. 
Learning from the precious experience of sugar signalling investigation in plant 
and considering the characteristics of molecular tools related to N sensing available in 
our laboratory, a research platform was designed: 
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Fig. 42: Research platform of N signalling investigation in plants 
In this platform, there are three foci of investigations: N signals, signalling 
components and N responses. ASNl overexpressing lines are utilized as a molecular 
. tool having altered in vivo N signal that interfered seedling growth and sugar 





accumulation and several gene expression profiles were shown to be the potential 
markers of N signalling events. Such markers are indispensable if reverse genetic is 
adopted to verify the N signalling role of putative signal components like PII. PII has 
been proposed as a putative N sensor largely based on the studies of PII 
overexpressing lines (Heish et al.’ 1998). To further examine the role of PII in N 
signalling, epistatic analysis, which functions to elucidate the relationship between N 
signal and PII, should be performed. To this end, crossed progeny with homozygosity 
of both ASNl and GLBl transgenes was generated. Analogous to sugar signalling, N 
signalling in plant may exist as a network. To search for more candidates of N 
signalling components other than PII, homolog search of microbial N signalling 
components in Arabidopsis was carried out. Results of the homolog search suggested 
the existence of an amino acid sensing system in A. thaliana composed of homologs 
of yeast GCN2, GCNl, GCN20 and eIF2a. 
Based on this platform, further studies of N signalling in plant can include: 
1. examination of the sucrose-induced anthocyanin accumulation in parent lines 
{ASNl overexpressing lines and PII overexpressing lines), crossed progeny and 
" control lines (wild-type and vector alone control); 
2. investigation of the roles of homolog candidates in N sensing by loss or gain of 
‘ . f u n c t i o n approach and further application of epistatic analysis through using the 
crossing technique and markers developed in this work. 
The former study tries to depict a possibly existing N signalling pathway that is 
specifically related to PII and sucrose-induced anthocyanin accumulation while the 
latter study may discover a novel amino acid sensing system in plant homologous to 
the well-known microbial system. 
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Chapter 5 Conclusion and Perspectives 
Our hypothesis of coordinating role of internal N status in different life processes 
in higher plants have been further verified by the fact that differential gene expression 
profile and better seedling growth were observed in 35S-ASNl lines which have N 
status altered. 
Molecular tools have been prepared for investigating the epistatic relationship 
between the altered N status in 35S-ASN1 lines and PII. These tools include 
morphological markers (sugar-induced accumulation of anthocyanin), gene 
expression markers (differentially expression genes) and transgenic plants with two 
CaMV35S driven transgenes, ASNl and GLBl (or ASNl and truncated GLBl) that 
were generated through crossing. 
Attempts to search for signaling component candidates other than PII in 
Arabidopsis thaliana have been made by homolog search for microbial signaling 
components i n ^ . thaliana sequence database. Homologous sequences of yeast GCN2, 
GCNl, GCN20，eIF2a and GCN4-like motifs have been identified, which supports 
the notion of existence of an amino acid sensing system i n ^ . thaliana analogous to 
yeast system. 
In further studies, the relationship between altered N status change in 35S-ASN1 
lines and PII can be worked out by studying behavior of the markers developed in this 
work in the crossing progenies. Similar strategies can be also applied to investigate 
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Appendix I: The major chemicals and reagents used in this research 
1. lOObp marker Invitrogen 15628-019 
2. Ampicillin Sigma A9518  
3. Agrose GibcoBRL 15510-027 
4. BactoTM Agar Difco 214010 
5. Bromophenol blue Merck 8122 
6. Bovine serum albumin Sigma A7906 
7. Calcium chloride Merck 2380 
8. Chloroform Merck 3445 
9. Copper sulphate Ajax 171 
10. Cetyldimethylethylammonium bromide Sigma C5335 
(CTAB) ^ 
11. Diethyl pyrocarbonate (DEPC) Sigma D5758  
12. EDTA, disodium salt Sigma E5143  
13. EGTA, sodium salt Sigma E3889  
14. Ethanol (absolute) Merck 100986 
15. Ethidium bromide Sigma E7637 
16. Formaldehyde (37%) Sigma F8775  
17. Formamide Boehringer 1814320 
18. Hi-Di formamide Applied Biosystem 4311320 
19. Hydrochloric acid (36%) Ajax 1364 
20. Iso-amylalcohol Merck 100979 
21. Isopropanol Labscan C2519 
22. Isopropyl b-D-thiogalactopyanside (IPTG) Boehringer 1411446 
“ 23. Lithium chloride Sigma L8895  
24. Luria Bertani (LB) broth，Miller Difco 0446-17-3 
25. Maleic acid Sigma MQ375  
‘ 2 6 . p-mercaptoethanol Sigma M6250 
27. MOPS Sigma M8899  
28. Metro-mix soil 200 Hummert 10-0325 
29. Murashige & Shoog salt mixtures Invitrogen 11117 
30. Murashige and Skoog Micronutrients Salts Invitrogen 11155 
31. IQmM NTPmix Invitrogen 18109-017 
32. Potassium hydroxide Merck 5033 
33. Potassium nitrate Sigma P8394 
34. radiolabelled dNTP Amersham AA0005 
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(17pmol[alpha-32P]dCTP, 3QQQCi/mmol) � 
35. Sodium acetate, anhydrous Sigma S2889 
36. Sodium chloride RDH 31434 
37. anhydrous sodium carbonate RDH 31432 
38. sodium hydrogen carbonate Ajax 475 
39. Sodium critrate, trisodium salt Sigma S4641 
40. Sodium dihydrogen phosphate RDH 10245 
41. Sodium dodecyl sulfate (SDS) B/M 1028693 
42. Sodium hydroxide Merck 6498 . 




Appendix II: Major common buffer, solution and gel used in this 
research 
Agarose gel (2%) 
2% agarose, 1 |ig/ ml ethidium bromide in IX TAB buffer 
Arseno-molybdate reagent 
25 g of ammonium molybdate ((NH4)6Mo7024.4H20) was dissolved in 450ml distilled 
water and 21 ml concentrated sulphuric acid (H2SO4) was added and mixed well as 
mixture 1. 3 g of sodium arsenate (Na2HAs04.7H20) was dissolved in 25ml distilled 
water and mixed well as mixture 2. The mixture 1 and 2 were mixed well and this 
reagent was stored in ambient bottle. 
Bromophenol blue solution (0.25%, w/v) 
2.5mg of solid bromophenol blue is dissolved into 1ml of sterile water. The solution 
could be stored in room temperature. 
Bromophenol blue loading dye (6x) 
0.25% bromophenol blue in 30% glycerol 
Calcium chloride (2.5M) 
l l g of CaCl2.6H20 is dissolved into final volume of 20ml distilled water. The 
resultant solution is sterilized by passing through a 0.22 |im filter and could be stored 
in 1ml aliquots at 4 V . 
Cold wash solution 
“2X SSC, 0.1% SDS 
CTAB extraction buffer 
O.IM Tris-HCl (pH8), 1.4M NaCl，O.IM EDTA (pH8)，2% (w/v) CTAB, 1% (w/v) 
Polyvenylprolidone and 0.2 % freshly added P-mercaptoethanol. 
CTAB washing buffer 
76% EtOH with 0.0 IM NH4OAC 
DEPC-treated water 
1ml of DEPC was mixed with 1 liter distilled water and kept overnight at room 




Ethidium bromide (lOmg/ml) 
Ig of ethidium bromide is added to 100ml of distilled water. The mixture is stirred on 
magnetic stirrer for several hours until all dye has dissolved. The solution could be 
stored in either container wrapped with aluminum foil or dark bottle in room 
temperature. 
Hot wash solution 
0.5XSSC，0.1% SDS 
IPTG (lOOmg/ml) 
Ig of IPTG us dissolved into 8ml of distilled water. The volume of solution is added 
up to 10 ml and then sterilized by passing through a 0.22 \xm disposable filter. The 
solution could then be stored as 1 ml aliquots at - 2 0 V . 
LB agar plate 
25g/L LB powder and 15g/L bacto-agar, autoclave 
LB broth 
25g/L LB powder, autoclave 
lOX maleic acid buffer, pH 7.5 
IM maleic acid, 1.5M sodium chloride. pH 7.5 
lOX MOPS electrophoresis buffer 
41.8 g of MOPS is dissolved into 700ml of sterile DEPC-treated water. The pH is 
adjusted to 7.0 with 2M NaOH . 20ml of DEPC-treated IM sodium acetate and 20ml 
of DEPC-treated 0.5M EDTA (pH 8.0) are added into the solution. The solution is 
t'hen sterilized by passing it through 0.45 ^m Millipore filter. The solution could be 
stored at room temperature with protection from light. 
(Note: The solution yellow with age if is exposed to light or is autoclaved. Avoid 
using buffer with dark color) 
RNA extraction buffer 
200mM Tris base，400mM KCl, 200mM Sucrose, 35mM MgCl2-6H20, 25mM EGTA, 
p H 9 ‘ 
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RNA loading buffer 
250^11 formamide, 83^1 formaldehyde, 37% (w/v), 50^1 lOX MOPS buffer, 0.01% 
(w/v) bromophenol blue, 50|il glycerol. The final volume was made up to 500|il with 
DEPC-treated water. 
Sodium acetate (3M, pH 5.2 and pH 5.6) 
408.3 g of sodium acetate'SHiO is dissolved into 800 ml cf H2O. The pH of the 
solution is adjusted to 5.2 or 5.6with glacial acetic acid. The volume of solution is 
added up to IL with distilled water. The solution could then be dispensed into aliquots 
and sterilized by autoclaving. 
Somogyi's alkaline copper reagent 
2.4 g of anhydrous sodium carbonate (Na2C03), 1.2 g sodium-postassium tartrate, 1.6 
g sodium hydrogen carbonate (NaHCOs), 0.4 g copper sulphate (CuSCVSmO) and 
18 g anhydrous sodium sulphate (Na2S04) to a beaker, which were dissolved in 
distilled water and the solution was filled up to 100ml. The reagent was stored at 
room temperature. 
20 X SSC 
175.3g NaCl and 88.2 g of sodium citrate are dissolved into 800ml of distilled water. 
The pH of the solution is adjusted to 7.0 with few drops of 14M HCl. The volume of 
solution is then added up to IL with distilled water. The solution is then dispensed 
into aliquots and then sterilized by autoclaving. 
SOX TAE 
242g ofTris base and 57.1ml of glacial acetic acid are added into 100ml 0.5M EDTA 
at pH8.0. The mixture is then added up to IL with distilled water. 
X - gal solution (20mg/ml) 
X — gal is dissolved into dimethylformamide in glass or polypropylene tube so that the 
its final concentration is 20mg/ml. The tube containing the solution is wrapped with 
aluminum foil and stored at -20®C. 
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Appendix III: Commercial kits used in this research 
ABI P R I S M ™ dRhodamine Terminator Perkin-Elmer 402078 
Cycle Sequencing Ready Reaction kit 
DIG RNA labelling kit Roche 999644 
Megaprime ^^ DNA labeling systems Amersham Life science RPN 1606 
Rapid-hyb Buffer Amersham RPN 1636 




Appendix IV: Major equipment and facilities used 
Equipment/facilities Company and catalogue number 
(if available) 
1. Centrifuge Eppendrof 5415C 
2. Centrifuge Eppendrof 5415D 
3. Centriflige J2-MI Bechman T373 with JA-14 rotor 
4. Centrivap concentrator Labconco 79840-01 
5. Dot blot microfiltration apparatus Bio-Rad 170-3938 
6. Environmentally-controlled growth South China House of Technology 
chamber for soil grown plants (Development) Limit 
7. Gel 1OQOUV Fluorescent Gel Doc Bio-Rad 200015450 
8. Genetic Analyzer ABI Prism 3100 Applied Biosystems 
9. GS Gene Linker UV Chamber Bio-Rad 0392-923-0336 
10. Imaging Densitometer Model Bio-Rad model GS-690 
GS-69Q  
11. Microcooler II Bockel Scientific 260010 
12. Microplate Spectrophotometer Molecular Devices 
SpectraMax 250 
13. LL-COR Quantum/ Radiometer/ LI-COR, inc. Mode LI-189 
Photometer 
14. Orbital shaker Lab line 4628-1 
‘ 1 5 . Power supply MIDI MP-250 Life technologies 4801311 
16. Programmable Thermal cycle MJ research PTC-100 96VHB 
200003879 
17. -Refrigerated Centrifuge Eppendorf 5810R 
18. Rotatory Hybridization Incubator Shel-lab Model 1004 




Appendix V Growth medium 
Table showing the major sources of inorganic nutrient in the growth medium 
used in this work: 
Abbreviated name Medium full name and Source 
brief description 
MS salt 11117 Murashige and Skoog Salt Invitrogen ™ life 
Mixture, powder technologies (Cat. No. 
11117) 
MS salt 11155 Murashige and Skoog Invitrogen tm life 
Micronutrients Salts, technologies (Cat. No. 
(IQQX), liquid 11155) ^ 
Supplement Macronutrient supplement, See "Table of composition 
for compensating the of macronutrient 
difference between MS supplement" 
salt 11117 and MS salt 
11155 except nitrogen 
containing 
macromolecules 
Table of composition of macronutrient supplement: 
loifference in 11155 andl l l7(mM) 
Chemical STOCKconc ml (5X, 2L) 
( = 1 X concentration o f the supplement) 
CaCb -2.9930561 T ^ ^ 
淡.JfeoCb -0.0001078 ‘ ：1 0.04mg/ml “ 3.50 
CuS04 -0.0000092 ImM 0.092 
v.yMgS04 -1!5012^0 IM — 15.0 — 
'ZnS04 -0.0000072 0.5mM 0.143 
%H2ft)4 . -1.2491733 17.5g/L m 
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Table of composition of media for different %N and C regimes for growth 
behavior experiment: . 
Sugar type Sucrose Sorbitol 
%M of Full MS Final concentraion 
/dN 01 100% 1% 0.167% 100% 1% 0.167% 
formula  
MS salt 11155 (ml) 2 2 2 2 2 2 ^  
5X supplement ( m l ) 4 0 40 40 40 40 40 ^  
^ ^ 6.846 6.846 6.846 3.6436 3.6436 3.6436 lOOmM 
distilled water 150.3 150.3 150.3 150 150 150 / 
IMKNO3 3.762 0.03762 0.0063 3.762 0.0376 0.0063 see "Table of concentration 
1MNE>N〇3 4.125 0.04125 0.0069 4.125 0.0413 0.0069 of niu-ogen containing 
molecules in different %N 
2MKC1 0 1.86219 1.8779 0 1.8622 1.8779 ,, 
media 
Bactoagar(g) l T 1.8 1.8 1.8 1.8 1.8 ' 0.90% 
Total volume =200ml 
Table of concentration of nitrogen containing molecules in different %N media: 
%N of Full MS formula 100% 1 % ~ 0.167% 
Chemical/Concentration M mM mM 
KNO3 . 18.81 0.1881 0.03135 
NH4N03 20.625 0.20625 0.034375 
KCl Q 18.6219 18.77865 
N C m l ^ 60.06 0.6006 0.1001 
Table of growth medium used in anthocyanin experiment  
, A m o u n t I Medium 3% sue 3% sue 3% sue 3% sue 3% sue 
No N 0.5mM gin 1mM gin 2mM gin 20mM N H / 
MS salt 11155 ^  
5X Supplement 100ml   
1M NH4NO3 I / / / 10ml 
lOOmM filter ：/ 2.5ml 5ml 10ml I 
sterilized gin 
(add after autoclave) 
Distilled water 395 392.5 390 385 385 
Sucrose ^  
Bactoagar 7.5g  




Appendix VI Primer list 
Primer name Sequence (5' to 3') Use for 
T3 primer AATTAACCCTCACTAAAGGG Sequencing 
T7 primer GTAATACGACTCACTATAGGGC Sequencing 
KS primer TCGAGGTCGACGGTATC PCR product 
SK primer CTAGGTGATCAAGATCTCGC used for 
dot-blotting 
HMOL1180 CAGTCGCAGAGAGATATCCAG For cloning 
HMOL1181 C A ACTCTCTCTGTTGTTC ATG AAP2 
HMOL 1184 AGAGCCAGAGCGCGAAAC For cloning 
HMOL1185 TTGGAGGGAAGAGAGTGCAT ATAAP6 . 
HMOL1188 CGCTCTACGAACGGTTCA For cloning 
HMOL1189 AACAGCATTACTACGACGAAG NTR1 
HMOL 1190 CGAGTTGCGGTAAGAGCTG For cloning 
HM0L1191 GTCCCTTGGAGCAAGAACAG CycD2 
HMOL 1192 GCAAGTTGATCCCTTTGACC For cloning 
HMOL1193 AAGCCATGGCACGTAAGG CycD3 
HMOL 1194 ^ AGACATCACCAGCATGGAAG For cloning ANT 
HMOL 1195 CG ACGAAACTA A ACCG AATTG 
KMOL1198 TGTGCGGCCCATGTATTC For cloning Asp2 
HMOLl 199 AATGTCACAATCCTCACTTTG 
HMOL1200 CTCATTCGTCTTGGATTCGAG For cloning 
HMOL1201 CACAAAGGCAACACACTTGC GAD2 
HMOL1202 CAGTGGCCTCGTGTATTC For cloning 
HMOL12Q3 CAGTTTGTGATAGTGTTGTGTTTC NADH-GOGAT 
HMOL1204 GTGCCTGAGGAAGCAACG For cloning 
HMQL1205 TGCCACAACCTGCTCTTG GLUl 
HMOL1206 CCGATCGATCCAAACTCC For cloning 
HMOL 1207 CAGGATGACCTCTAAGCCAAA GDHl 
HMOL1208 AGGACGCAACTGGAAGTCTC For cloning 
HMOL12Q9 CCATTTCGGAAAGCTCAATG GDH2 
HMOL1210 CCAGTTCTGCGGACAAGC For cloning Nil 1 
HM0L1211 CAACCAAGGACAAAGTTACAGG 
HMOL671 CCGAGTAATAACAGTCGT For cloning 
• HMOL672 GAAACC AAAC AC AGACTCC GLB1 
HMOL675 TTGAACCTCTCGCTTCGCCA For cloning 
HMOL678 IGGACATGCTCTAACAGTCAA GSLl 
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HMOL690 ICCATCGGTCGGTATCTCAGC IPor cloning 
HMOL691 AACTCCGGCAGTGTCAACCG GSR2  
HMOL651 GTTGGTCATATCGACCTCG 
For cloning NIAl 
HMOL652 TTATGCTTACTAGCCCATCC  
HMOL 934 GATGGTCTGAAAGATCATGC For cloning 
HMOL 935 GATCCCTCTAGAAGATAACG ASN2  
HMOL 936 GAAGCTTACTACTACAGAACC For cloning 
HMOL 937 CTGAAGTATCAAGCTATCATGG ASN3  
HMOL 1216 C AGCGG A AGTG ATCTCC AC 
For cloning SPS 
HMOL 1217 TGC ACTGC ACGAC ACTCC 
HMOL1218 CGCATTGTCACCGATACG For cloning PEPc 
HMOL 1219 AC ATGCCCGAC ACTCCTC kinase  
HMOL1220 AAATGGTGTTCGCCAAGG For cloning PPC 
HMOL 1221 TC AGTG ACGTTTG ATAC A ATG 
HMOL 1222 TCGGTGTTGGTTTGTCCAG For cloning 
HMOL1223 TCGGCTTTGGGAAATCTG ICDH 
(NADP-specific) 
HMOL 1226 GCGGATGCATCAGAAAGG For cloning 
HMOL 1227 GAGTCTC ATGTGGA AGCTTG A CCA 1 
HMOL1228 ' CGCTTCCCACATCAATGG For cloning 
HMOL1229 TCTCAGCAAGGCCTTTCC APRRl 
HMOL1230 ACTGGTTTGACGCGTGTG For cloning SVP 
HMOL1231 CCAGAAATGCAGTGAAGAGAG 
HMOL1232 TCTCCGGCGACTTGAACCCAAAC 
For cloning FLf 
HMOL1233 CTCAACAAGCTTCAACATGAGTTC ^ 
‘ H M O L 1 2 3 4 TCGACTCAGCACCAAACC For cloning 
HMOL1235 CAACAAGAGAGAAGCAGCTTTAG AGL2Q (SOCl) 
HMOL 565 AAAACCCCATCTCAGTACCC For cloning 
HMOL 566 CAATCCCACACAAACATACAC SAG 12 
HMOL1236 CAATGCCCGGTATGACTG For cloning 
HMOL1237 AAGCCAGCTTACAAATCTCTT ApRR6 
HMOL1240 GCGATCAATGCCTTCGAG For cloning 
HMOL1241 CCAATCCCACTCCCTTTC At2g26980 
HMOL1242 CCAAGGCCAAAGAGAAAGC For cloning 
HMOL1243 GCATGAACCCTCTCATGTTG MNJ8.4 
HMOL 1244 CCCTAGGCTGCGTTTTCC For cloning 
GCAACAAACCGGATACACAC LhblBl (CAB 
HMOL 1245 � gene)  
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ICAGGTGTTCTGCCTGTGG C l o m n g r b c L 
HMOL1247 GGTTCAAGCCCTGACACG  
HMOL 932 CTCTATTTCCACAAGGCACC For screening 
crossing 
progenies 
HMOL 1312 ACA TGC ATG CGA TCT AGT AAC For screening 
ATA GAT GAC crossing 
progenies 
HMOL 560 CCG AGT AAT AAC AGT CGT For screening 
crossing 
progenies 
HMOL 1312 ACA TGC ATG CGA TCT AGT AAC For screening 
ATA GAT GAC crossing • 
progenies 
HMOL 1254 TCCATACTTGCCTGACTCCC For amplifying 
H M O L 1255 T T C C G T G T C G C C C T T A T T C A ^  
oligo Dt (20mer )TTTTTTTTTTTTTTTTTTTT For first strand 
HMOL 1306 cDNA synthesis 
5'ampT7 GACTAATACGACTCACTATAGGTC For generating 
HMOL 1248 ‘ CATAGTTGGCTGACTCCC template for in 
3'amppA: (T)3o TTCCGTGTCGCCCTTATTC vitro transcription 
HMOL 1249 |of amp cRNA 
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